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ABSTRACT

This reports the results of experimental studies aimed at characterizing the
transport properties of promising adsorbents for various gas capture processes by the
“zero length column” (ZLC) technique. ZLC was used to measure the intracrystalline
diffusivities of single and binary components of ethane and ethylene in powder and pellet
samples of paraffin-selective adsorbents Ni(bdc)(ted)0.5 (Ni-BT) and ZIF-7 for the
purpose of olefin/paraffin separation. Results show that binary gaseous systems result in
intracrystalline diffusion time constants slightly lower than those in single component
gaseous streams due to coadsorption effects. It was also found that ethylene diffusion
was affected by surface resistances due to strong interactions between the C-C double
bond at adsorbent pore entrances. Additionally, CO2 sorption kinetics of
poly(ethylenimine) (PEI)-impregnated MIL-101, γ-alumina, and UVM-7 silica were
investigated via ZLC for the purposes of understanding the effect of amine-content,
adsorbent porosity, and adsorption temperature on CO2 sorption rates. It was found that
increasing the amine content resulted in diminished diffusion rates and that microporous
MIL-101 yielded substantially slow desorption rates upon amine-functionalization
compared to mesoporous γ-alumina. Additionally, research yielded faster sorption
kinetics at higher temperatures for PEI-impregnated silica and showed that upon
desorption, this material exhibited two distinct regions of mass transfer control that is
best explained by first the occurrence of surface diffusion followed by diffusion out of
the branched PEI amine.
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DESCRIPTION
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Roots of transcendental equation, dimensionless
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ZLC outlet concentration, mol/cm3

C0

ZLC saturation concentration, mol/cm3

Dc

Crystalline diffusion, cm2/s

DK

Knudsen diffusion, cm2/s

Dm

Molecular diffusion, cm2/s

DP

Macropore diffusion, cm2/s

𝜀𝑃

Pellet porosity, dimensionless

𝛾

ZLC model parameter, dimensionless

F

ZLC purge flow rate, cm3/s

H

Henry’s Law, mmol/g bar
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Surface mass transfer coefficient, cm/s

K

Henry’s Law Constant, dimensionless

L

ZLC model parameter, dimensionless

P

Pressure, bar

𝜌𝑃

Pellet density, g/cm3

L´

ZLC apparent model parameter, dimensionless

q

Amount adsorbed, mmol/g

rc

Crystal radius, cm

RP

Pellet radius, cm

xiii
t

Time, s

Vg

ZLC dead volume, cm3
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SECTION

1. INTRODUCTION

1.1 OLEFIN/PARAFFIN SEPARATION
Light olefins such as ethylene and propylene are the most important chemical
feedstocks used in the petrochemical industry. Serving as the building blocks for the
production of many types of chemicals, plastics, polymers, and rubbers, light olefins are
produced in larger quantities than any other kind of organic compound [1]. The
production of olefins requires the separation of the olefin from its corresponding paraffin
and is generally done by means of distillation. However, due to the similar sizes and low
relative volatilities of olefin and paraffins such as ethylene and ethane, they must be
separated by cryogenic distillation [2]. The high pressure and low temperature
requirements for cryodistillation represents one of the most costly gas separations in the
chemical and petrochemical industry, requiring an energy demand of up to 30% of the
total cost of the entire production process [3]. Therefore, finding an alternative method
that can be used in the separation of olefins and paraffins that does not require the same
energy demands of cryodistillation is highly sought after.
Many alternatives to cryodistillation have been investigated, including absorption,
membrane-based, and adsorption separations [1]. Proposed absorption technologies
include reactive absorption processes where light olefin molecules would form reversible
chemical complexations with transition metal ions, and where they could then be
separated from their corresponding paraffin using a mass-separating agent such as a
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selective membrane [1,4,5]. While this method would not require the high energy
demands of cryodistillation, absorption-based technologies still suffer from high energy
requirements and poor solvent chemical stability, making it an ineffective alternative to
the current technology. Selective membranes have also been widely researched as a
potential alternative. Such selective membranes include carbon molecular sieve (CMS)
membranes, polymer composite membranes, and MOF/polymeric mixed matrix
membranes [6–10]. While membranes are advantageous in the sense that they can be
selectively designed to meet a number of different demands, they suffer from issues
surrounding poor thermal and chemical stability and poor selectivity. They are also far
too costly to economically scale up for industrial use and would therefore be a poor
alternative to ethylene/ethane separation [11].
Adsorption-separation technologies are an attractive alternative to cryodistillation
due to both the maturity of the technology and the continual development of novel
adsorbents that can be synthesized to have high adsorption selectivity to a desired
sorbent. Historically, adsorbents that have been studied for the purposes of
olefin/paraffin separations have preferential selectivity to olefins over paraffins due to the
𝜋-complexation formed between the olefin and adsorbent. Such adsorbents include
zeolite 4A, CMS, and Ag+ exchanged resins [12–15]. While this is an attractive mode of
adsorption due to the strong bonds formed by the complexations, these bonds also result
in significant energy requirements upon desorption. Additionally, once desorbed an
additional step is then required to recover the olefin, resulting in lower recovery and
purity rates [16,17].
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Adsorption separation by means of paraffin-selectivity would mitigate the need
for this additional step upon desorption and would not impose the same energy
requirements due to the weaker van der Waals forces formed between paraffin and
adsorbent. The most promising paraffin-selective adsorbents that have been investigated
thus far include metal organic frameworks (MOFs) [18–22]. MOFs are hybrid materials
consisting of metal ions coordinated to organic ligands. Unlike traditional adsorbents
such as zeolites, MOFs can undergo structural changes caused by non-covalent
interactions such as van der Waals forces upon the adsorption of different sorbents.
These features, through the selection of appropriate building blocks, allow for the wellcontrolled design and synthesis of MOFs to be suited to meet a number of demands,
including olefin and paraffin gas separations and storage [23–27]. Two subclasses of
MOFs that have exhibited high ethane selectivity for the separation of ethane and
ethylene are zeolite imidazolate frameworks (ZIFs) and pillard-layered MOFs [20–22].
ZIFs are an attractive option for many gas separation purposes due to their
excellent thermal stability, hydrophobic properties, and wide topological varieties. ZIF-7
has a sodalite topology with a crystallographic six-membered ring pore opening and has
been shown to exhibit strong paraffin selectivity over olefin through a gate-opening
mechanism. ZIF-7 has exhibited an ethane uptake of 3.21 mmol/g at 25 °C and 1 bar
[21,28]. Ni(bdc)(ted)0.5 (Ni-BT) is a type of pillard-layers MOF that is comprised of 3D
paddle-wheel building units composed of Ni cations and two organic linkers and has
exhibited high ethane adsorption of 5.11 mmol/g at 25 °C and 1 bar [22,28]. The current
research focus for paraffin-selective MOFs has been the adsorptive characterization of
powders. In our previous work, we expanded upon the current research and examined the
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large-scale feasibility of ZIF-7 and Ni-BT by investigating the adsorptive capacities of
ZIF-7 and Ni-BT coated monoliths [28]. Monoliths allow for easy adoption into a wide
range of gas separation processes and serves as a suitable bed of contact between gas and
adsorbent. MOF-coated monoliths can be further formulated into pellets for integration
into laboratory and industrial settings [29].
In cyclic processes where adsorbent is saturated and regenerated, understanding
the mass transfer in and out of an adsorbent is significant and has lasting effects on the
performance and efficiency of the process, especially when dealing with large industrial
operations. While adsorption behavior has been investigated and modeled for ZIF-7 and
Ni-BT [21,22], the transport properties of ethane and ethylene in these materials is
unknown. This serves as the motivation of study of Paper I.

1.2 ANTHROPOGENIC CO2 CAPTURE
Rising CO2 emissions resulting from fossil fuel combustion has been widely
regarded as the primary cause to the rise in global temperatures, and it is generally
accepted that these fossil fuels will remain the main source of energy production for at
least the next fifty years [30]. In order to limit the average global temperature rise to
between 2 – 2.4 °C, a 50 % reduction in global CO 2 emissions is necessary [31].
Therefore, the rapid deployment of cost-effective carbon capture and sequestration (CCS)
technologies are essential for the mitigation of CO 2 in the short term [32–35]. CCS refers
to technologies that can selectively capture and store up to 90 % of CO2 emissions
produced from gaseous streams at large-point sources. Captured and stored CO2 can then
be utilized in a variety of ways, including as a feedstock for the production of many
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chemical processes and fuels [36] or as a safer and more environmentally friendly
alternative to hydrofracking [37].
CCS technologies consist of three primary routes, including (i) the direct removal
of CO2 from flue gas streams (post-combustion capture), (ii) the capture of CO2 utilizing
reformed synthesis gas from an upstream gasification unit (pre-combustion capture), or
(iii) the utilization of pure oxygen for fuel combustion (oxyfuel combustion) [36].
Capturing CO2 at different source points accrues different energy penalties that are
dependent upon the industry in question.

Power plants alone account for almost 45 % of

world-wide CO2 emissions [38], and the industrial integration of post-combustion capture
onto power plants has been viewed as the most promising form of CO2 abatement.
Many post-combustion CCS technologies have been investigated, including
membrane, absorption, and adsorption-based CO2 capture [34]. CO2 capture by
membrane separation have been shown to effectively operate under continuous
conditions, and, as long as a minimum pressure gradient is maintained across the
membrane, CO2 and other flue gas components will permeate. Additionally, membranes
can be finely tuned in order to meet a number of different gas demands, including
membrane configuration and composition. Polymeric and mixed matrix membranes
(MMM) and have been tested for CO2 separation from post-combustion flue gas.
However, the low pressure of flue gas streams can render membranes impractical as they
are generally better suited for high-pressure applications [39,40].
Chemical absorption via amines or ammonia is the most mature separation
method used in various industries, such as power plants or oil refineries [41]. Aqueous
monoethanol amine (MEA) absorption is considered the benchmark technology for CO2
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capture that can capture > 90 % of CO2 from flue gas streams, but results in high energy
penalties upon solvent regeneration that would, if applied, raise the cost of electricity
production by 70 %, making it uneconomical for large-scale implementation [42,43].
Additionally, equipment corrosion and poisoning from flue gas impurities further
diminish the stability of the solvents and reduce working capacities.
In recent years, solid-state adsorption has arisen as an attractive and cost-effective
alternative to absorption-based amine scrubbing. Solid adsorbents, traditionally
including zeolites, carbon molecular sieves, activated carbons, activated alumina, and
metal-organic frameworks (MOFs), are physical adsorbents and have been extensively
studied due to their low capture costs, low regeneration requirements, and long-term
stability [44]. However, these adsorbents suffer from inferior capture capacities
compared to aqueous amine-scrubbing, as well as reduced working capacities in
humidified conditions [45,46]. Therefore, recent research has focused on the
incorporation of amine-moieties onto physical adsorbents in order to enhance the CO2
selectivity and adsorption capacity of these materials. Solid supported amine-adsorbents
couple the effects of chemical and physical adsorption and offer many advantages over
typical solid adsorbents, including superior heats of adsorption, high CO 2 equilibrium
capacities, high efficiencies in humidified conditions, and fast adsorption kinetics [47–
50].
Often, mesoporous materials, such as aluminas and silicas, are chosen for aminefunctionalization due to large surface areas and pore volumes that can achieve dispersed
amine loadings and enhance diffusional transport of CO2 onto the amine [51,52]. More
recently, MOFs have arisen as potential supports for amine-functionalization due to high
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pore volumes and exceptional chemical and thermal stabilities. In particular, MIL101(Cr) has shown incredible promise due to enhanced CO2 uptakes at low partial
pressures (400 ppm) [26,53,54]. In particular, “molecular basket” sorbents have shown
enhanced capture capacities due to synergistic effects that occur in the pores of the
mesoporous support between adsorbent and aminopolymer [55]. Branched
polyethyleneimine (PEI) has been well-established as a preferred aminopolymer for
amino-adsorbent functionalization due to long polymer chains that promote van der
Waal’s adhesion and cyclic stability within adsorbent pores. PEI-functionalization has
been the focus of considerable investigations due to its a convenient and scalable
synthesis procedure that renders it practical for a myriad of CO 2 capture applications
[51,52,55–57].
Many investigations focus on improvement of the equilibrium or dynamic
adsorption capacities, characterizations of CO2 transport properties is largely lacking.
Understanding the mass transfer characteristics of CO2 into and out of the adsorbent is
critical to the overall efficiency and performance of the capture process at industrial scale
mainly because it dictates the throughout and column size. This serves as the motivation
of study of Paper II.

1.3 THE ZERO LENGTH COLUMN (ZLC) TECHNIQUE
All diffusion time constants reported in this work were acquired by the ZLC
technique. First popularized by Eic and Ruthven [58] in 1988, this method, under welldefined conditions, removes extracrystalline resistances and heat transfer limitations that
render traditional gravimetric and volumetric analyses unreliable in the derivation of
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intracrystalline diffusivities [59–61]. The ZLC method has been thoroughly developed
and studied over the years, and has been widely adopted in order to suit a number of
different systems, including structured adsorbents [60,62], liquid systems [63], heat and
mass effects [64–67], non-linear systems [61,68], and adsorption equilibria [69,70]. The
ZLC technique was originally developed as a simple and versatile way for measure the
intracrystalline diffusivities of zeolites, but has been further expanded uoon for other
adsorbent materials, including MOFs [71], catalyst pellets [72], and aminoadsorbents
[73]. A schematic diagram showing a typical ZLC system and ZLC column are shown in
Figure 1.1.

Figure 1.1. Schematic diagram of ZLC system.

In the ZLC method, a small amount of adsorbent (1-5 mg) is pre-equilibrated with
a known amount of sorbate at a low enough partial pressure to remain within Henry’s
Law. The ZLC column consists of only a few adsorbent layers in order to be considered
well-mixed. At some known time, the adsorbate is purged with a pure inert gas stream
(such as He or Ar) and the effluent gas stream is dynamically monitored by a benchtop
quadrouple mass spectrometer. Desorption, rather than adsorption, is monitored in order
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to take advantage of enhanced detector sensitivities at the zero baseline. At high purge
flow rates, desorption is controlled by diffusion out of the particle and the ZLC response
curve will directly yield the diffusion time constant (Dc/rc2). At low purge rates,
desorption is controlled by equilibrium between adsorbed and purge phase, and the
response curve will yield the Henry’s constant.
Several important criteria must first be recognized when utilizing the ZLC
technique. First, when using this method to determine the diffusivity of the adsorbate,
the Dc/rc2 must be significantly longer than the detector response-time. This limits the
maximum Dc/rc2 that can be measured for a particular crystal size. Additionally,
determining the diffusivity of weakly adsorbed species can be determined by using a
larger sample size. However, larger sample sizes may introduce extracrystalline
resistances to heat and mass transfer, reducing the accuracy of the measurements. This
method can also break down for strongly adsorbed species, as it may be impossible to
achieve purge rates that are high enough to exist in the diffusion-controlled regime.
More detailed evaluations on the models utilized in determining the Dc/rc2 are presented
in Paper I and II.
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PAPER

I. DIFFUSION KINETICS OF ETHANE, ETHYLENE, AND THEIR BINARY
MIXTURES IN ETHANE-SELECTIVE ADSORBENTS

Teresa Gelles, Shane Lawson, Harshul Thakkar, Fateme Rezaei

Department of Chemical & Biochemical Engineering, Missouri University of Science
and Technology, 1101 N State Street, Rolla, MO, 65409

ABSTRACT

Sorption kinetics of single component and binary mixtures of ethane and ethylene
in powder and pellet samples of paraffin-selective adsorbents Ni(bdc)(ted)0.5 and ZIF-7
were investigated by zero-length column (ZLC) technique for the purpose of
olefin/paraffin separation. The intracrystalline diffusivities were determined at 25 °C and
the results were compared in order to investigate the effects of coadsorption for binary
gas mixtures and also diffusion in pelletized adsorbents. The diffusion time constants
measured for ethane through ZIF-7 powder for single component and binary mixture
were found to be 3.20  10-3 and 2.77  10-3 s-1, respectively, whereas for Ni(bdc)(ted)0.5
the measured values were 3.44  10-3 and 3.14  10-3 s-1, respectively. Furthermore,
diffusion of ethylene for both single component and binary mixture trials revealed the
presence of surface resistance due to strong interactions between the C-C double bond
and the external crystalline surface of the adsorbents. The findings of this study provide

11
novel kinetic characterizations on paraffin-selective adsorbents for the separation of
ethane and ethylene.

1. INTRODUCTION

Light olefins such as ethylene and propylene are the most important chemical
feedstocks used in petrochemical industry. Serving as the building blocks for production
of many types of chemicals, plastics, polymers, and rubbers, light olefins are produced in
larger quantities than any other kind of organic compounds (Eldridge, 1993). The
production of olefins requires the separation of the olefin from its corresponding paraffin
which is generally done by cryogenic distillation, which is extremely energy-intensive,
requiring an energy demand of up to 30% of the total cost of the entire production
process (U.S. Department of Energy, 2005)(Ren et al., 2006). Among alternative
approaches, adsorption appears to be an attractive cost-effective method for
olefin/paraffin separation (Baker, 2002; Chen et al., 2010; Eldridge, 1993; Jiang and Eić,
2003; Okamoto et al., 1999; Pinnau and Toy, 2001; Rungta et al., 2013; Safarik and
Eldridge, 1998; Takht Ravanchi et al., 2009).
Traditionally, the investigated adsorbents for olefin/paraffin separations have
preferential selectivity to olefins over paraffins due to the π-complexation formed
between the olefin and adsorbent. Such adsorbents include zeolite 4A, CMS, and Ag +
exchanged resins (Grande and Rodrigues, 2004; Padin et al., 2000; Padin and Yang,
2000; Rege et al., 1998). While this is an attractive mode of adsorption due to the strong
bonds formed by the complexations, these bonds also result in significant energy
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requirements upon regeneration. Additionally, the obtained olefin product has low
recovery and purity rates (Kroon and Vega, 2009; Ruthven and Reyes, 2007). Recently,
significant efforts have been put forth to develop paraffin-selective materials that
preferentially adsorb paraffin over its olefin counterpart through weaker van der Waals
forces than π-complexation, thus, imposing less energy requirements for adsorbent
regeneration (Bloch et al., 2012; Gücüyener et al., 2010; Leclerc et al., 2011; Liang et al.,
2016; Van Den Bergh et al., 2011)(Furukawa et al., 2013, 2010; James, 2003; Li et al.,
2009; Zhou et al., 2012). Furthermore, with sufficiently high paraffin/olefin selectivity, it
is possible to obtain the desired product with high purity and recovery rates directly from
the adsorption step.
Among ethane-selective adsorbents, ZIF-7 and Ni(bdc)(ted)0.5 (Ni-BT) were
shown to exhibit high ethane adsorption capacity and ethane/ethylene selectivity. For
instance at 25 °C and 1 bar, ethane uptakes of 3.21 and 5.11 mmol/g and
ethane/ethylene selectivities of 1.9 – 11.8 and 1.2 – 2.0 were reported for ZIF-7 and
Ni(bdc)(ted)0.5, respectively (Gücüyener et al., 2010; Liang et al., 2016; Thakkar et al.,
2018). Most recently, we formulated these two adsorbents into monolithic structures and
studied their ethylene/ethane adsorption behavior (Thakkar et al., 2018). While
adsorption behavior of ZIF-7 and Ni-BT has been investigated in detail (Gücüyener et al.,
2010; Liang et al., 2016; Thakkar et al., 2018), the transport properties of ethane and
ethylene in these materials is yet to be determined. In cyclic processes where adsorbent is
saturated and regenerated, understanding the mass transfer of adsorbate molecules into
and out of the adsorbent is critical and has lasting effects on the performance and
efficiency of the process, especially when dealing with large industrial operations.
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Adsorption kinetics can be measured by various microscopic and macroscopic techniques
including frequency response (FR), interference microscopy (IFM), IR micro-imaging
(IRM), and zero-length column (ZLC) technique (Kärger et al., 2012).
The ZLC technique, popularized by Eic and Ruthven (Eic and Ruthven, 1988), is
a macroscopic technique that has been used extensively for the measurement of diffusion
rates in porous adsorbents owing to its simplicity and accuracy (Brandani and Ruthven,
1996; Eic and Ruthven, 1988). According to the ZLC model, under well-defined
conditions the extracrystalline resistances to heat and mass transfer are eliminated and
thus the kinetics of sorption are completely controlled by intracrystalline diffusion.
Traditionally, ZLC was modeled for crystalline diffusivities but has also been expanded
to account for adsorbent pellets (Silva et al., 2012; Silva and Rodrigues, 1997, 1996),
liquid systems (Brandani and Ruthven, 1995; Rodríguez et al., 1998), heat and mass
effects (Brandani et al., 1998; Ruthven and Brandani, 2005; Silva et al., 2001), non-linear
systems (Brandani, 1998; Brandani et al., 2000), and adsorption equilibria (Brandani et
al., 2003; Brandani and Ruthven, 2003). In a recent investigation by Ruthven and Vidoni
(Ruthven and Vidoni, 2012), the combined effect of surface resistance and internal
diffusion was considered in sorption kinetics measurements and the new extended ZLC
model was validated against experimental data for ethane diffusion in DDR zeolite. In
another investigation, Brandani and co-workers (Hu et al., 2018) utilized the ZLC method
to evaluate the stability of M/DOBDC CO2 adsorbents in the presence of water, SOx and
NOx. The authors demonstrated the capability of the ZLC technique in providing
quantitative information on deactivation of the adsorbents in the presence of flue gas
impurities. Most recently, Rodrigues and co-workers (Seabra et al., 2019) applied the
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ZLC technique to investigate the sorption kinetics of CO2, CH4 and N2 in binderless 4A
zeolite beads. The authors demonstrated the influence of intracrystalline and macropore
diffusion in high-density zeolite beads.
In this work, we have expanded upon our previous investigations to measure the
sorption kinetics of ethane and ethylene in two ethane-selective adsorbents, namely ZIF-7
and Ni-BT, in both powder and pellet forms utilizing the ZLC technique. Pure and binary
gas mixtures were used to determine diffusion time constants for ethane and ethylene
gases in powder and pellet samples. The estimated diffusion rates were then compared to
determine the effects of gas composition and sorbent pelletization on sorption kinetics of
ethane and ethylene.

2. EXPERIMENTAL SECTION

2.1 MATERIALS PREPARATION
ZIF-7 and Ni-BT powders (denoted as ZIF-7-P and Ni-BT-P, respectively) were
synthesized according to the conventional hydrothermal synthesis methods outlined
elsewhere (Chen et al., 2014; Liang et al., 2016; Thakkar et al., 2018). The ZIF-7 and NiBT pellets (denoted as ZIF-7-Pe and Ni-BT-Pe, respectively) were formed by mixing the
powders with silica (85/15 weight ratio) and polyvinyl alcohol (80/20 weight ratio),
respectively, followed by the addition of ethanol for the Ni-BT-Pe and methanol for the
ZIF-7-Pe to make a viscous paste. The paste was then transferred to a syringe and small
pellets were extruded from it. Finally, the pellets were dried at room temperature. Pellets
of two different sizes were printed for each MOF material, the smaller are larger pellets
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are denoted by a “1” and “2”, respectively. Table 1 summarizes the textural properties of
the powders and pellets obtained by N2 physisorption measurements (Thakkar et al.,
2018). The pellet porosity ( P ) was calculated from the ratio of the bulk density and
skeletal density of the pellet. The skeletal density was first evaluated from the ratio of the
densities of the MOF and binder and bulk density was then determined utilizing the pore
volume of the pellet.

Table 1. Textural Properties of Powder and Pellet Samples.
SBET
Vp
dp
Pellet
Material
𝜺𝑷
2
3
diameter
(m /g) (cm /g) (nm)
(cm)
ZIF-7-P

16

0.05

1.6

-

-

ZIF-7-Pe-1

40

0.13

10

0.16

0.15

ZIF-7-Pe-2

40

0.13

10

0.16

0.30

Ni-BT-P

1800

0.88

1.2

-

-

Ni-BT-Pe-1

1300

0.66

1.5

0.52

0.07

Ni-BT-Pe-2

1300

0.66

1.5

0.52

0.20

2.2 ADSORPTION EQUILIBRIUM MEASUREMENTS
The adsorption isotherms of pure C2H6 and C2H4 gases were obtained at room
temperature over both powder and pellet samples using a volumetric gas analyzer (3Flex,
Micromeritics). The samples were first degassed at 150 °C under vacuum for 8 h to
remove any pre-adsorbed gases or humidity (Thakkar et al., 2018) prior to analysis.
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2.3 ZLC EXPERIMENTS
The ZLC apparatus used for kinetic measurements is depicted in Figure 1. It
consists of two sections: the gas preparation section and the ZLC column and detection
section. In the gas preparation section, ultra-high purity helium used as the inert gas
carrier enters the system through two streams (denoted at stream 1 and 2) which are
connected by a switching valve. Stream 1 is fed into a mixing cell where it is mixed with
either pure C2H4 or C2H6 or a pure equimolar mixture of both in order to obtain the
desired concentration of the sorbates. Upon mixing, the gas mixture is then passed
through a mass flow controller (MFC) to stream 3. Streams 2 and 3 are fed through a
three-way switching valve that controls which line enters the ZLC column. All gas
streams within the system are controlled by MFCs. The ZLC column consists of a 1/8”
Swagelok union with a wire mesh loaded inside to serve as the adsorbent bed. The
column is housed inside of a heating cell consisting of HTSAmptek flexible heating tape
controlled by an Omega Benchtop controller. At the outlet of the ZLC column, the gas
concentration is directly monitored by a BELMass benchtop quadrupole mass
spectrometer. Following detection, the effluent gas stream vents through a soap-bubble
flowmeter, which allows for both the monitoring of flow rates and the calibration of the
MFCs.
For a typical run, a small amount of sample (between 3-5 mg) was loaded inside
of the 1/8” Swagelok union and evenly dispersed on the mesh bed. Prior to experiments,
both the ZIF-7 and Ni-BT samples were heated to 150 °C and purged with a pure He
stream at 2 mL/min for 6 h in order to remove any moisture or any remaining C 2H4 or
C2H6 that may have been introduced from previous run.
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Figure 1. Schematic diagram of ZLC apparatus.

Before time zero, the pre-mixed carrier gas was introduced into the adsorption
cell at 2 mL/min and the adsorbent sample was equilibrated with the carrier gas for 1- 2
h. The sorbate concentration was maintained at partial pressures between 0.01 – 0.025 bar
in order to remain in the linear region of Henry’s Law. Adsorption was continuously
monitored via the mass spectrometer in order to ensure that the sample was completely
saturated with sorbate prior to the ZLC measurements. The equilibrium time is dependent
upon Henry’s constant, and therefore varied for both the adsorbent and sorbate being
tested. Upon complete saturation, at time zero, the valves were switched, and the cell was
exposed to the pure He purge stream. The concentration of the desorbed gases was
monitored in the effluent stream for a sufficiently long enough time to ensure complete
desorption from the adsorbent.
Prior to ZLC testing, blank runs were performed in order to characterize the dead
volume (Vg) of the system. Vg represents the sum of the volumes of gas in the cell and
piping between the switching valve and detector. For weakly adsorbed species, the
determination of Vg is critical and must be accounted for upon analysis of the desorption
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curves. Blank testing was also performed in order to determine the optimal operating
parameters for the mass spectrometer. The mass spectra for C2H4 and C2H6 overlap,
therefore, extensive blank testing was done at a range of atomic mass units (amus) in
order to find the corresponding amus for C2H4 and C2H6 that yielded the strongest
individual signals. Figure S1 (Supporting Information) provides an example of the
desorption signal acquired for both single components of C2H4 and C2H6 in He, as well as
a binary C2H4/C2H6 run over ZIF-7-P. Clearly, distinct signals for C2H4 and C2H6 can be
observed.

3. ZLC THEORETICAL MODEL

3.1 MICROPORE AND MACROPORE MODEL
In a typical ZLC experiment, a bed of adsorbent is saturated with the sorbate as
either a single component or binary mixture species in an inert carrier (such as He) at low
concentrations to reside within the linear region of Henry’s Law. It is assumed that the
ZLC cell is well mixed, with the fluid and adsorbed species at equilibrium with one
another at the particle surface. At time zero, pure He (free of sorbate) is used to purge the
ZLC and the resulting desorption curve is measured as a function of time. The desorption
response curve is derived from Fick’s law of diffusion and is modeled as:

 n2Dc 
C
2L
exp
 r2 t 
2
C0 




L
(
L

1)
n1  n
  c 

(1)
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r

For a linear system with uniform spherical particles of radius c , the diffusion parameters
can be extracted from the desorption curves at long times. Only the first summation
becomes significant and Fick’s law can be reduced to the following equation:

  
 12Dc
ln C   ln 2 2L
 2 t
 C0   1  L(L1)  rc

(2)

where 1 is the root of the transcendental equation:

1 cot 1  L1 0

(3)

and L is a dimensionless model parameter given by:

rc2
1
F
L
3 KVs Dc

(4)

where F is the purge flow rate, Vs is the sample volume, K is the dimensionless Henry’s
Law constant, and Dc is the crystalline diffusivity. When the purge flow rate is
sufficiently large such that L > 10, the desorption rate out of the particle is completely
controlled by diffusion and b1 ® p . Thus, a plot of ln(C/C0) versus time will yield a longtime asymptote with a slope of p Dc rc , from which the diffusion time constant, Dc rc is
2

2

easily determined. Altering the purge flow rate within the diffusion-controlled regime

2
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may change the intercept of the curve, but the slope should remain constant. The
accuracy and reliability of the long-time asymptotic analysis has been detailed in many
previous studies (Brandani and Ruthven, 1996; Eic and Ruthven, 1988; Kärger et al.,
2012). However, for weakly adsorbed species, it is often necessary to account for fluid
phase hold-up in the system. Therefore, the model described by eq. 2 has been expanded
to include extracrystalline hold-up and is represented as (Brandani, 1996; Brandani and
Ruthven, 1996):

  
 12Dc
2L
ln C   ln 2
2
2 
2 t
 C0   1 (L11 )  L11  rc

1 cot 1  L112  0

(6)

Vg
3KVs

(7)



Clearly, as



(5)

→ 0 eq. 5 and 6 revert to eq. 2 and 3. Previous studies have shown that for

γ < 1, the difference between the two models becomes negligible. At low flow rates such
that L << 1, the regime controlling desorption shifts from diffusion to equilibrium control
and eq. 2 reduces to a simple exponential form (Brandani et al., 2003):

 
ln C   F t
 C0  KVs

(8)
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In the regime of equilibrium control, diffusion characterization cannot be
determined with any sufficient accuracy. The above model is only valid for measuring
intracrystalline diffusivities. If it is, however, desired to measure the diffusivities of
pellets, then macropore diffusion must be taken into account and the previous equations
must be modified slightly to account for the effects of intercrystalline (macropore)
diffusion (Brandani, 1996; Ruthven and Xu, 1993; Silva and Rodrigues, 1996) as
follows:

  
 2
ln C   ln 2 2L
1 2 DP t

RP 1 KP 
 C0   1  L(L1) 

(9)

2

L  1 F RP
3Vs DP

(10)

KP  PK
P

(11)



where RP is the pellet radius, DP is the macropore diffusivity, P is the pellet density, K P



is the pellet dimensionless Henry’s Law constant, and P is the pellet porosity. A plot of
ln(C/C0) versus time will yield a long-time asymptote with a slope of p
from which the macropore diffusion time constant, DP

2

DP RP2 (1+ K P ) ,

RP2 , is easily determined.
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In order to correctly discern between the importance of micropore or macropore
diffusion within the pellet samples, it is necessary to test for diffusivity in pellets of
different sizes but with the same crystal size (Ahn et al., 2004). Considering the crystal
radius is much smaller than radius of the pellet, differences in diffusion lengths between
crystal and pellet are comparable to differences of diffusivities. Therefore, the diffusion
time constant emerges as an important evaluator of the overall importance of micropore
and macropore diffusion. If intracrystalline diffusion is the controlling step for mass
transfer out of the pellet, the diffusion time constant will not change with pellet size. If
macropore diffusion is the controlling step, the diffusion time constant of the smaller
pellet would correspond to the diffusion time constant of the large pellet multiplied by the
ratio of the square of the pellet radiuses. If the diffusion time constant of the smaller
pellet is not as great as the resultant product, then both macropore and micropore
diffusion contributes to the overall diffusion rate (Ahn et al., 2004; Ruthven and Xu,
1993).

3.2 EXTENDED SURFACE RESISTANCE MODEL
The above approaches assume that desorption is controlled entirely by micropore
diffusion out of the cell (or macropore diffusion in the case of pellets). However, many
recent studies have shown that there are cases when desorption can be controlled by
surface resistances to mass transfer rather than by diffusion alone (Ruthven and Brandani,
2005; Ruthven and Vidoni, 2012; Vidoni, 2011). In cases of surface resistance control,
eq. 2 will remain unchanged except that L will be replaced by L´ according to the
following expression:
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1  1  Dc  3KVs  Dc   Dc
L' L krc
F  rc2  krc

(12)

where k is the surface mass transfer coefficient and L´ is the apparent L. Note that in the
case of no surface resistance, L´ = L. However, when surface resistance is present, if L´ >
10, diffusion is not affected by surface resistance and the slope of the long-time
asymptote can be represented as

p 2 Dc rc2 and the intercept of the asymptote will yield L´,

from which eq. 12 can be used to determine L. When L´ < 10 the diffusion time constant
derived from the long-time asymptote is not independent of flow rate and may be affected
by the presence of surface resistance (Kärger et al., 2012).
From eq. 12, a plot of 1/L´ versus 1/F should yield a straight line with slope

3KVs Dc / Frc2 and intercept Dc / krc . The intercept measures the relative importance of
surface resistance. An intercept of zero means that there is no significant surface
resistance while a large intercept suggests surface resistance control and the calculated
diffusion time constant should be considered unaffected only if L´ > 10 (Kärger et al.,
2012; Ruthven and Vidoni, 2012; Vidoni and Ruthven, 2012). Further detailed analyses
of the ZLC theory for both micropore and macropore diffusion, as well as surface
resistance have been thoroughly described elsewhere (Brandani, 1996; Brandani and
Ruthven, 1996; Eic and Ruthven, 1988; Ruthven and Vidoni, 2012; Silva and Rodrigues,
1997, 1996; Vidoni and Ruthven, 2012).
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4. RESULTS AND DISCUSSION

4.1 ADSORPTION ISOTHERMS AND HENRY’S CONSTANTS
The adsorption isotherms of C2H4 and C2H6 for both ZIF-7 and Ni-BT were
obtained at 25 °C and are shown in Figure 2. The ZIF-7 isotherms (Figure 2a) show a
steep uptake in adsorption for both C2H4 and C2H6 corresponding to gate opening
phenomenon, typical of this adsorbent (Van Den Bergh et al., 2011). The Dual-Site
Langmuir-Freundlich adsorption model (DSLF) was used to best fit these S-shaped
isotherms. The Ni-BT isotherms (Figure 2b) for both C2H4 and C2H6 are essentially linear
and are well represented by the traditional Langmuir isotherm model. Overall, the pellets
exhibit comparative uptakes to their powder counterparts. Compared to the powdered
forms, the pellet capacities are proportional to their MOF loading (85 wt. % and 80 wt. %
for ZIF-7 and Ni-BT, respectively).

3.5
3.0

6

(a)

ZIF-7-P Ethane
ZIF-7-P Ethylene
ZIF-7-Pe Ethane
ZIF-7-Pe Ethylene

Adsorbed Amount (mmol/g)

Adsorbed Amount (mmol/g)

4.0

2.5
2.0
1.5
1.0

(b)

Ni-BT-P Ethane
Ni-BT-P Ethylene
Ni-BT-Pe Ethane
Ni-BT-Pe Ethylene

5

4

3

2

1

0.5
0

0.0
0.0

0.2

0.4

0.6

0.8

Pressure (bar)

1.0

1.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Pressure (bar)

Figure 2. Ethane and ethylene adsorption isotherms of (a) ZIF-7-P and ZIF-7-Pe and (b)
Ni-BT-P and Ni-BT-Pe at 1 bar and 25 °C (Thakkar et al., 2018).
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From the isotherms, at regions of low loading, the Henry’s constants (H) were
calculated. The experimental data was plotted according to a Virial plot:

 
ln P  Aq
1 ln H
 q

(13)

where P is pressure, q is the amount adsorbed and A1 is a virial coefficient. From the plot
of ln(p/q) versus q, as q and P approach zero, the reciprocal of Henry’s constant was
determined. From Henry’s constant, the temperature-dependent dimensionless Henry’s
law constant (K) was directly determined. Both H and K values are outlined in Table 2.

Table 2. Henry’s constant (H) and dimensionless Henry’s law constant (K) for ZIF-7 and
Ni-BT powders and pellets.
Material
H (mmol/gbar)
K
ZIF-7-P
C2 H 4

1.04

26

C2 H 6

1.13

28

C2 H 4

0.63

15

C2 H 6

1.07

26

C2 H 4

3.56

88

C2 H 6

5.72

142

C2 H 4

2.55

63

C2 H 6

4.09

102

ZIF-7-Pe

Ni-BT-P

Ni-BT-Pe
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4.2 DIFFUSION KINETICS OF C2H4 AND C2H6 IN ZIF-7
The ZLC measurements for single and binary component gas mixtures of C2H4
and C2H6 were performed on ZIF-7-P and ZIF-7-Pe. The diffusivity values (Dc/rc2) were
determined from various measurements at different purge flow rates. The purge flow
rates of C2H6 for the ZIF-7-P samples varied from 5.0 – 16.5 mL/min, whereas the purge
flow rates of C2H4 for these samples varied from 10.5 – 30 mL/min. The ZIF-7-Pe
samples were purged at flow rates ranging 16.5 – 30 mL/min. Higher purge rates were
required for the pellets in order to remain in the diffusion-controlled regime. Referring to
eq. 4, pellet sizing resulted in larger Vs values, requiring larger purge flow rates for
diffusion control. Additionally, due to the low Henry’s law constants (outlined in Table
2), accumulation in the fluid phase could not be neglected and the desorption data was
extracted and evaluated from the long-time region using eq. 5-7 and is represented in
Tables 2-3. Blank testing found Vg = 0.35 mL.
As can be clearly observed in in Figure 3, the slopes of the long-time asymptotes
measured at different flow rates for C2H6 for both single and binary component gas
mixtures for ZIF-7-P and ZIF-7-Pe are essentially equal and independent of flow rate,
indicating that the measurements were taken in the region of complete diffusion control
(L > 10). Kinetic control was further confirmed via the consistency check C/C0 vs. Ft
(Figure S2, Supporting Information) (Brandani, 2016). Therefore, using eq. 5 and
allowing

, the diffusion time constants were easily calculated and are presented in

Table 3. The L parameter was determined from the C/C0 intercept of the long-time
asymptote.
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The curves shown in Figure 3 have been fit against the ZLC model equation (eq.
1) in order to demonstrate the degree of fit between the experimental curves and
theoretical model. Slight deviations between data and the model in the initial desorption
region may be due to dead-volume effects that were not fully captured by the theoretical
model. However, there is excellent agreement between the theoretical and experimental
curves in the long-time region, demonstrating accurate Dc/rc2 values have been
interpolated at long times.

1

1
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0.1
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Figure 3. ZLC desorption curves of C2H6 at 25 °C for (a) ZIF-7-P single component
system, (b) ZIF-7-P binary system, (c) ZIF-7-Pe-1 binary system, and (d) ZIF-7-Pe-2
binary system fit against ZLC model curves and blank responses: (×) at 5.0 mL/min and
(+) at 10.5 mL/min.
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C2H6 diffused quickly through ZIF-7-P in both single and binary component runs,
where C/C0 = 0.001 of the desorption curve was reached in under 2 min. These fast
kinetics agree with work done by Gucuyener et al. (Gücüyener et al., 2010), who studied
the desorption behavior of C2H6 and C2H4 in ZIF-7 powder. In reference to the sharp step
in the adsorption isotherms for ZIF-7 shown in Figure 2a, as the partial pressure of C2H6
in the gas stream decreases, the kinetics of desorption are accelerated, resulting in a
desorption step that occurs on the same time scale as its adsorption step. This is relatively
uncommon for many adsorbent materials which generally favor faster adsorption and
slower desorption kinetics.
The diffusion time constants of C2H6 in single and binary component mixtures for
ZIF-7-P were found to be 3.20  10-3 and 2.77  10-3 s-1, respectively. The diffusivity of
C2H6 dropped by about 14% between single and binary gas trials, indicating that the
diffusion of C2H6 is slowed in the presence of C2H4. From our investigations of the
diffusivity of C2H4 in ZIF-7-P, shown in Table 4, it was found that C2H4 moves more
slowly through the ZIF-7 channels. Therefore, it is expected that the C2H4 molecules
would act as barriers to the motion of the co-adsorbed C2H6 molecules within the pores,
resulting in slower diffusion rates for C2H6. The binary diffusion of C2H6 in both ZIF-7Pe-1 and ZIF-7-Pe-2 was found to be 2.68  10-3 s-1. The diffusion of C2H6 in the
presence of C2H4 is slightly lessened by about 2% between powder and pellet samples,
indicating that the diffusion of C2H6 through ZIF-7 in a binary gas mixture is not
significantly affected by intercrystalline (macropore) resistances in the pellet.
Additionally, due to the consistency in the diffusion time constants obtained at different
pellet sizes, resistance to mass transfer is occurring at the crystalline level and that
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intracrystalline diffusion is controlling diffusion of C2H6 out of the pellets. For ZLC
experiments, Brandani and co-workers have both theoretically and experimentally
demonstrated that diffusion is independent of sorbate loading and corresponds with the
limiting transport diffusivity (Brandani, 1998; Brandani et al., 2000). Therefore, even at
low binary mixture concentrations (0.025 bar), the competing behavior of C 2H4 and C2H6
outlined above can be thoroughly characterized.

Table 3. Diffusivity data for C2H6 in ZIF-7-P and ZIF-7-Pe.
Material

ZIF-7-P

Sorbate

C2H6

Flow Rate
(mL/min)

-Slope  102 Dc/rc2  103
(s-1)

(s-1)

5.0

3.12

3.16

31

10.5

3.17

3.21

64

13.5

3.18

3.22

88

3.20

Avg.
ZIF-7-P

C2H6 / C2H4

10.5

2.70

2.74

65

13.5

2.76

2.80

84

16.5

2.73

2.77

97

2.77

Avg.
ZIF-7-Pe-1

C2H6 / C2H4

16.5

2.63

2.67

37

22.5

2.64

2.68

49

30.0

2.62

2.66

66

Avg.
ZIF-7-Pe-2

Avg.

L

2.67
C2H6 / C2H4

16.5

2.64

2.68

53

22.5

2.62

2.66

66

30.0

2.65

2.70

82

2.68
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The desorption (Figure 4a-c) of C2H4 through ZIF-7-P and ZIF-7-Pe for both
single and binary gas mixtures revealed consistent but anomalously shaped response
curves. Traditionally, the ZLC model assumes that desorption is completely controlled by
diffusion effects. However, some recent studies have revealed that there can exist
significant mass transfer resistances at the surface of adsorbent crystals, causing sorption
rates to be controlled by a combination of intracrystalline diffusion and surface
resistance. This has been confirmed to occur at the surface of zeolites (Heinke et al.,
2007; Kortunov et al., 2005) but has not before been reported for ZIF-7. A detailed
analysis of the desorption curves shown in Figure 4 suggests the intrusion of significant
mass transfer resistances for ZIF-7-P and ZIF-7-Pe, and eq. 12 was used to better
describe the desorption response. The potential influence of heat effects was also
investigated and was found to be negligible utilizing the theoretical model introduced by
Brandani et al. (Brandani et al., 1998). The ZLC model fit against the response curves in
Figure 4 models the data relatively well, despite observed fluctuations.
Vidoni and Ruthven (Vidoni and Ruthven, 2012) reported mass transfer
resistances occurring with the diffusion of C2H4 in DDR zeolites and also reported issues
with obtaining consistent data between replicate measurements. The high surface
resistance is best explained by the intrusion of CH-H and CH-

interactions at the

external surface of the ZIF between its Zn+2 metal ions and the C2H4 double bonds.
Electrons become shared between the d orbital of the Zn+2 and the empty

orbital of

C2H4, resulting in strong external adsorption on the surface of the ZIF-7 at pore entrances
(Jorge et al., 2010; Lamia et al., 2009). This results in the partial obstruction of the pore
entrances, resulting in a higher energy barrier at the crystalline surface as sorbent is
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blocked from diffusion out of the pores (Kärger et al., 2012). For ZIF-7, the strong
external adsorption also causes significant geometric distortion to its cage entrances,
resulting in further blockage (Van Den Bergh et al., 2011).
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Figure 4. ZLC desorption curves for C2H4 at 25 °C for (a) ZIF-7-P single component (b)
ZIF-7-P binary system (c) ZIF-7-Pe-1 binary system, and (d) ZIF-7-Pe-2 binary system
fit against ZLC model curves and blank responses: (×) at 5.0 and (+) at 10.5 mL/min.

The L´ parameter was extrapolated from the intercept of the C/C0 axis and Dc/rc2
was determined from the slope of the long-time region. Both parameters are listed in
Table 4. Due to the low L´ values, the system could not be assumed to be in the
diffusion-controlled regime and

1 had to be determined. Additionally, curves
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overlapping was displayed when plotting C/C0 vs. Ft for consistency check (Figure S3,
Supporting Information) which implied an equilibrium-controlled process and a deviation
of response curves indicative of kinetic control, demonstrating that no obvious conclusion
regarding system control can be drawn from the data. In order to determine the
magnitude of surface resistance present, utilizing eq. 12, 1/L´ versus 1/F was plotted and
Dc/krc was derived from the intercept (Figures S6 and S7, Supporting Information). For
single and binary component runs, ZIF-7-P exhibited Dc/krc values of 0.19 and 0.03,
respectively, whereas ZIF-7-Pe-1 and ZIF-7-Pe-2 yielded Dc/krc values of 0.08 and 0.04,
respectively. The single component C2H4 diffusion exhibited the highest surface
resistance. Moreover, for both ZIF-7-P and ZIF-7-Pe samples, the binary desorption
curves for C2H4 in the presence of C2H6 also demonstrated the presence of mass transfer
resistances. However, for the binary trials we can see that the magnitude of surface
resistance is less significant. This can best be explained by the presence of co-adsorbed
C2H6 on the surface of the ZIF-7 crystals. The C2H6 occupied adsorption sites that had
previously belonged to C2H4 in the single component trials, resulting in less pore
blockage and geometric distortion of the ZIF-7 lattice. Interestingly, the surface
resistance of ZIF-7-P for single component trials was almost 5 times greater than the ZIF7-Pe. This is best described by the larger pore volume and pore diameter of the pellet
(Table 1), which enabled greater accessibility and motion of C2H4 within the pores.
When compared to the Dc/krc values of ZIF-7-P for single and binary component
trials and of ZIF-7-Pe for C2H6 (0.0002, 0.0009, and 0.004, respectively), it can be
concluded that surface resistance is insignificant for C2H6 but significant for C2H4.
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Considering both the low L´ and high Dc/krc values, the diffusivities estimated in Table 4
should be read with caution.

Material

Table 4. Diffusivity data for C2H4 in ZIF-7-P and ZIF-7-Pe.
Flow Rate -Slope  102 Dc/rc2  103
Sorbate
(mL/min) (s-1)
(s-1)

ZIF-7-P

C2H4

1.26

4.36*

1.7

1.2 1.6

22.5

1.07

1.71

2.5

4.4 27

30.0

1.02

1.01

2.5

5.1 160

1.35
C2H4 /C2H6

10.5

1.03

1.37

2.7

7.6 9.8

13.5

1.27

1.57

2.8

11

16

16.5

1.72

1.81

3.1

14

25

1.58

Avg.
ZIF-7-Pe-1

C2H4 /C2H6

16.5

2.84

4.97

2.4

3.9 5.7

22.5

2.86

3.84

2.9

7.2 15

30.0

2.25

3.39

2.9

11

C2H4 /C2H6

Avg.
*

91

4.07

Avg.
ZIF-7-Pe-2

L

10.5

Avg.
ZIF-7-P

L´

16.5

1.20

1.77

2.6

5.0 6.3

22.5

1.32

1.77

2.7

7.8 11

30.0

1.50

1.83

2.9

8.8 14

1.80

Value excluded from Avg.

Larger flow rates were required to derive a consistent diffusion time constant for
ZIF-7-P. The diffusion time constants, Dc/rc2, for C2H4 for single and binary gas runs
were found to be 1.35  10-3 s-1 and 1.58  10-3 s-1, respectively. The diffusion rate
slightly increased for C2H4 in the presence of C2H6 for both powder and pellet samples.
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This could be attributed to the interference of surface resistances in the pellet. Overall
however, the diffusivity values were relatively consistent between both single and binary
runs. Investigations of the diffusivity relationships in different binary gas systems have
revealed that while the diffusion of faster moving species (C2H6) are greatly reduced in
the presence of slower diffusing species (C2H4), the transport of slower species are not
considerably affected by the faster species (Jiang and Eić, 2003; Kärger et al., 2012). Our
results show a general agreement with these findings. In the work conducted by
Gucuyener et al. (Gücüyener et al., 2010), the authors reported that C2H4 completely
desorbs from ZIF-7 more quickly than C2H6. This was also observed in our findings.
Following the region of general linearity shown in the desorption profiles in Figure 4, the
concentration ratio of C2H4 steeply drops to 0 before 100 seconds after the start of
experiment for all three trials.
The diffusion time constant derived from ZIF-7-Pe-1 is over twice as fast as the rate
derived for the larger pellet, ZIF-7-Pe-2, indicating the presence of macropore diffusional
resistances. Evaluation of the diffusion time constant multiplied by the square of the
pellet ratios revealed to be greater than the time constant of ZIF-7-Pe-1. This means that
for a C2H4 and ZIF-7-Pe system, both micropore and macropore diffusion contribute to
the overall diffusion rate of the pellet.

4.3 DIFFUSION KINETICS OF C2H4 AND C2H6 IN NI-BT
ZLC measurements for the single and binary component diffusion of C 2H4 and
C2H6 were also carried out over Ni-BT-P and Ni-BT-Pe samples. The purge flow rates
used for measuring diffusivity values of C2H6 ranged from 10.5 – 16.5 mL/min, whereas
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the purge rates used for measuring C2H4 ranged from 10.5 – 22.5 mL/min. Moreover, the
Ni-BT-Pe was purged at higher flow rates ranging 22.5 – 30 mL/min for both C2H6 and
C2H4 trials. Eq. 7 was utilized in order to ascertain the importance of fluid-phase hold-up.



< 0.1 was obtained for both C2H6 and C2H4 trials, and desorption data was evaluated

using eq. 2-4. Kinetic control was confirmed via the consistency check C/C0 vs. Ft
(Figure S4, Supporting Information).
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Figure 5. ZLC desorption curves for C2H6 at 25 °C for (a) Ni-BT-P single component (b)
Ni-BT-P binary system (c) Ni-BT-Pe-1 binary system, and (d) Ni-BT-Pe-2 binary system
fit against ZLC model curves and blank responses: (×) at 5.0 mL/min and (+) at 10.5
mL/min.
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The obtained desorption curves for Ni-BT samples are illustrated in Figure 5 and
the corresponding diffusivity data for C2H6 and C2H4 are provided in Table 4 and Table 5,
respectively. The ZLC model fit against the experimental data in Figure 5 shows
excellent agreement in the long-time region for all curves. From Figure 5, it is evident
that the slopes of C2H6 diffusion curves are equal for both Ni-BT-P and Ni-BT-Pe,
confirming the existence of a diffusion-control regime. For the Ni-BT-P trials, C/C0 =
0.001 was reached on the desorption curve in under 2 min for both single and binary gas
trials, implying that the rate of desorption is on the same time scale as the rate of
adsorption. The single component and binary gas mixtures for C2H6 in Ni-BT-P were
found to have diffusion time constants of 3.34  10-3 and 3.14  10-3 s-1, respectively. We
observed a decrease of about 6% in the Dc/rc2 between single component and binary
trials, which implied that the diffusion of C2H6 is slowed in the presence of C2H4.
Investigating the diffusivity time constants presented in Table 6 revealed that C2H4
moves more slowly through the Ni-BT-P channels and therefore would act as a barrier of
transport to the co-adsorbed C2H6 species. For the diffusion of C2H6 through both NiBT-Pe-1 and Ni-BT-Pe-2, the Dc/rc2 was estimated to be 2.86  10-3 s-1. The diffusion of
C2H6 in the presence of C2H4 dropped by about 9% between powder and pellet samples,
indicating that the intercrystalline diffusional resistances become pronounced for C 2H6
through Ni-BT pellets. However, the diffusion time constant was unchanged at two
different pellet sizes, indicating micropore diffusion to be the rate limiting step to mass
transfer and, thus, the controlling factor for diffusion for C 2H6 through the pellets. The
ZLC desorption curves of C2H4 in the presence of C2H6 from Ni-BT (Figure 8) indicated
the presence of mass transfer resistances. Such trend could be explained by the intrusion
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of CH-H and CH-

 interactions at the external surface of the MOF between its Ni+2

metal ions and the C2H4 double bonds.

Material

Ni-BT-P

Table 5. Diffusivity data for C2H6 in Ni-BT-P and Ni-BT-Pe.
Sorbate
Flow Rate
-Slope  102 Dc/rc2  103
(mL/min)
(s-1)
(s-1)
C2H6

10.5

3.29

3.33

46

13.5

3.31

3.35

75

16.5

3.31

3.35

74

3.34

Avg.
Ni-BT-P

C2H6 / C2H4

10.5

3.07

3.11

39

13.5

3.11

3.15

48

16.5

3.13

3.17

58

3.14

Avg.
Ni-BT-Pe-1

C2H6 / C2H4

16.5

2.82

2.86

33

22.5

2.81

2.85

42

30.0

2.83

2.87

58

2.86

Avg.
Ni-BT-Pe-2

Avg.

L

C2H6 / C2H4

16.5

2.84

2.88

46

22.5

2.82

2.86

68

30.0

2.80

2.84

71

2.86

This results in strong external adsorption on the surface of the Ni-BT pore entrances
(Jorge et al., 2010; Lamia et al., 2009). The plots of 1/L´ versus 1/F (Figures S8 and S9,
Supporting Information) resulted in Dc/krc values of 0.18, 0.03, 0.03, and 0.04 for Ni-BT-
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P single and binary gas mixtures and Ni-BT-Pe, respectively. The single-component
C2H4 diffusion yielded the highest measurement of surface resistance, however, it can be
observed that the magnitude of surface resistance was decreased for the binary
component gas trials of Ni-BT-P, which could be correlated with the co-adsorption of
C2H4 and C2H6 on the surface of Ni-BT.
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Figure 6. ZLC desorption curves for C2H4 in the presence of C2H6 at 25 °C for (a) Ni-BTP single and (b) Ni-BT-P binary system (c) Ni-BT-Pe-1 binary system, and (d) Ni-BT-Pe2 binary system fit against ZLC model curves and blank responses: (×) at 5.0 mL/min
and (+) at 10.5 mL/min.

The diffusivity values of C2H4 for Ni-BT-P and Ni-BT-Pe were both found to
increase in the presence of C2H6, but only slightly. This is contradictory to the diffusivity
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behavior that we would expect to see both for binary diffusion in powder and pellet
forms. Referring to Figure 6a-c, this could be the result of uncertainties arising from
deviations in data-points in the long-time region of the desorption curve. Investigation of
the pellet samples found that the diffusion of C2H4 through the smaller pellet size, Ni-BTPe-1, was larger than that of Ni-BT-Pe-2, indicating of the presence of macropore
diffusional effects.

Material
Ni-BT-P

Table 6. Diffusivity data for C2H4 in Ni-BT-P and Ni-BT-Pe.
Flow Rate -Slope  102 Dc/rc2  103
Sorbate
(mL/min)
(s-1)
(s-1)
C2H4

L

10.5

0.64

1.48

2.2

2.5 4.5

16.5

0.74

1.28

2.4

2.7 5.3

22.5

0.75

1.27

2.4

3.8 12

1.34

Avg.
Ni-BT-P

L´

C2H4 / C2H6 10.5

0.63

1.01

2.5

4.0 4.5

13.5

0.82

1.23

2.6

5.1 6.0

16.5

1.73

2.36

2.7

6.9 8.7

1.53

Avg.
Ni-BT-Pe-1 C2H4 / C2H6 16.5

1.51

2.14

2.7

6.1 7.4

22.5

1.87

2.38

2.8

8.8 12

30.0

1.91

2.26

2.9

13

21

2.26

Avg.
Ni-BT-Pe-2 C2H4 / C2H6 16.5

1.13

1.18

2.5

4.0 4.8

22.5

0.71

1.05

2.6

5.3 6.7

30.0

1.84

2.56

2.7

6.4 8.6

Avg.

1.60
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However, further examination revealed the diffusion time constant of Ni-BT-Pe-1 is
not as great as the product of the time constant of Ni-BT-Pe-2 multiplied by the ratio of
the pellet radii, illustrating that for C2H4, both micropore and macropore diffusions
contribute to the overall diffusion rate. However, the diffusivity values obtained for the
binary diffusion of Ni-BT-P and Ni-BT-Pe were essentially equivalent, indicating that the
diffusion of C2H4 through Ni-BT in the presence of C2H6 is not significantly affected by
intercrystalline resistances. However, extracting diffusion values outside of the diffusioncontrolled regime (L´ > 10) are subject to uncertainty. The C/C0 vs. Ft plots for these
curves (Figure S5, Supporting Information) show an overlap of the response curves,
indicating that they are not in a region of complete kinetic control. This is further
supported by the low L values tabulated in Table 6. Therefore, the diffusivity values
should again be read with caution.
The most common studied adsorbents for olefin/paraffin separation include
zeolite 4A, Ag+-exchanged resins, carbon molecular sieves (CMS), and more recently
Mg-MOF-74. While these four materials are preferentially selective to olefins over
paraffins, which is outside the scope of this work, the diffusion kinetics of these materials
have been studied extensively and the following Dc/rc2 values at 25 °C have been
tabulated in Table 7 in order to prove a general comparison to the diffusion time constant
values outlined here. ZIF-7-P, Ni-BT-P, Ag+-resin, and Mg-MOF-74 all exhibit higher
Dc/rc2 values for C2H6 over C2H4.
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Table 7. Comparison of diffusion time constants of ethane and ethylene in zeolite 4A,
Ag+-exchanged resins, and other adsorbents at 25 °C.
Material
Sorbate
Ref.
Dc/rc2  103
(s-1)
ZIF-7-P

C2H6

3.22

This work

ZIF-7-P

C2H4

1.67

This work

Ni-BT-P

C2H6

3.34

This work

Ni-BT-P

C2H4

1.38

This work

Zeolite 4A

C2H6

0.164

(Rege et al., 1998)

Zeolite 4A

C2H4

5.12

(Rege et al., 1998)

Ag+ -resin

C2H6

0.107

(Rege et al., 1998)

Ag+ -resin

C2H4

0.103

(Rege et al., 1998)

CMS

C2H6

-

(Rege et al., 1998)

CMS

C2H4

0.00189

(Rege et al., 1998)

Mg-MOF-74

C2H6

13.9

(Bao et al., 2011)

Mg-MOF-74

C2H4

7.12

(Bao et al., 2011)

For all the materials investigated here, C2H6 exhibited higher Dc/rc2 values than
C2H4 for single and binary gas trials. Considering the kinetic diameters of C2H6 and C2H4
alone (0.44 nm and 0.42 nm, respectively), one would initially expect that C2H4 would
display faster kinetics within the pores of the adsorbents due to its smaller size. The pores
of ZIF-7 and Ni-BT samples, found to be larger than 1.2 nm, (Thakkar et al., 2018), are
large enough that the transport of the sorbate in both single and binary gas trials was not
inhibited by pore size. Therefore, the slower kinetics of C2H4 is best described as a result
of the CH-H interactions formed between the sorbate molecules and the adsorbent. Our
ZLC measurement results suggested that there exists substantial mass transfer resistances
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at the surface of adsorbent crystals, affecting the sorption rate of C2H4 and inhibiting its
motion out of the pores (Bao et al., 2011; Rege et al., 1998).

5. CONCLUSION

In this investigation, diffusion of ethylene and ethane in two ethane-selective
adsorbents, namely, ZIF-7 and Ni-BT were investigated via ZLC method and
intracrystalline diffusivity of the gases through powder and pellet forms of the adsorbents
were determined at 25 °C. Both single and binary component gas mixtures were used to
assess the effect of coadsorption. Our experimental results indicated that in binary system,
the diffusion time constants measured were slightly lower than those in single component
system. It was also found that ethylene diffusion was affected by the surface resistance due
to strong interactions between the C-C double bond at surface of the adsorbents. Finally,
our investigation highlighted the effect of intercrystalline resistances on the diffusion of
ethane and ethylene in the pellets. The diffusion of ethane in pellet samples of both ZIF-7
and Ni-BT revealed intracrystalline diffusion to be the controlling mass transfer regime,
while diffusion of ethylene revealed contributing effects of crystalline and macropore
diffusion.
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Figure S8. Plot of 1/L´ vs. reciprocal purge rate for C2H4 in Ni-BT at 25 °C for Ni-BT-P
single gas component trials, Ni-BT-P binary gas trials, Ni-BT-Pe-1, and Ni-BT-Pe-2.

0.06

Ni-BT-P Single
Ni-BT-P Binary
Ni-BT-Pe-1
Ni-BT-Pe-2

1/L'

0.04

0.02

0.00

-0.02
0

1

2

3

4

5

6

1/F(sec/mL)

Figure S9. Plot of 1/L´ vs. reciprocal purge rate for C2H6 in Ni-BT at 25 °C for Ni-BT-P
single gas component trials, Ni-BT-P binary gas trials, Ni-BT-Pe-1, and Ni-BT-Pe-2.
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ABSTRACT

CO2 sorption kinetics of poly(ethylenimine) (PEI)-impregnated MIL-101, γalumina, and UVM-7 silica were investigated by the zero-length column (ZLC) technique
for the purpose of understanding the effect of amine-content, adsorbent porosity, and
adsorption temperature on CO2 sorption rates. Each of the adsorbents was impregnated
with three different amine contents (20, 35, and 50 wt. %) and the effective diffusion time
constants were determined at 25 °C. For each respective adsorbent, it was found that
increasing the amine content results in diminished diffusion rates. Additionally, it was
found that the porosity of the support has a profound effect on diffusional kinetics, where
microporous MIL-101 yielded substantially slow desorption rates upon aminefunctionalization compared to mesoposorrous γ-alumina. PEI-impregnated UVM-7 silica
was further investigated at 50 and 75 °C in order to provide insight into the effect of
temperature on sorption kinetics. The results indicated that PEI-impregnated UVM-7
exhibits faster sorption kinetics at higher temperatures. Upon desorption, PEI-UVM-7
silica exhibited two distinct regions of mass transfer control that occur at different
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sorption times. This is best explained by first the occurrence of surface diffusion followed
by diffusion out of the PEI. The findings of this study provide novel kinetic
characterizations on promising amino-adsorbents for carbon capture applications.

1. INTRODUCTION

The rapid rise of anthropogenic CO2 emissions resulting from fossil fuel
combustion has been widely identified as the primary cause to the increase in global
temperatures, due to the deleterious effects of this greenhouse gas 1. Hence, development
of cost-effective carbon capture processes are essential for mitigation of CO 2 emissions 2–
5

. Aqueous monoethanol amine (MEA) absorption is regarded as the benchmark

technology for post-combustion CO2 capture, but suffers from high-energy penalties
upon solvent regeneration 6,7. Alternatively, the direct removal of CO2 from ambient air
has arisen as an attractive option in recent years that could be implemented in residential
areas to mitigate emissions resulting from transportation sources 8,9. Therefore, solidstate adsorbents have been intensively studied as a viable, cost-effective alternative to
absorption-based amine scrubbing for practical carbon capture applications.
Solid adsorbents, traditionally including zeolites, carbon molecular sieves,
activated carbons, activated alumina, and metal-organic frameworks (MOFs), are
physical adsorbents and have been extensively studied due to their low capture costs, low
regeneration requirements, and long-term stability 10. However, these adsorbents suffer
from inferior capture capacities compared to aqueous amine-scrubbing, as well as
reduced working capacities in humidified conditions 3,11. Therefore, recent research has
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focused on the incorporation of amine moieties onto the adsorbents aiming at enhancing
the CO2 capture capacity and selectivity of these materials 12–15.
Mesoporous oxides such as silica and γ-alumina, have been studied as support
materials for incorporation of amines due to large surface areas, pore volumes, and
narrow pore size distributions that eliminate the limitations imposed by microporous
adsorbents on achieving dispersed amine-loadings within the material and promoting
more efficient diffusion of CO2 onto adsorption sites 16,17. These supports have shown
that high loadings of amine functional groups can be achieved within the pores and that,
up to a certain amine content, the CO2 adsorption capacity will increase with amine
loading. More recently, MOFs have arisen as potential supports for amine-based CO2
capture. In particular, MIL-101(Cr) displays large surface area and pore volume and has
exceptional chemical and thermal stability, rendering it a suitable candidate for amine
functionalization 18–20.
“Molecular basket” sorbents, first coined by Xu et al. 21, is the confinement of a
polymer containing many amine groups inside the pores of a mesoporous support where
synergistic effects between support and polymer result in enhanced CO2 capture
capacities. Branched polyethyleneimine (PEI) has been well-established as a preferred
aminopolymer for amino-adsorbent functionalization due to long polymer chains that
promote van der Waal’s adhesion and cyclic stability within adsorbent pores. PEIfunctionalization has been the focus of considerable investigations due to its a convenient
and scalable synthesis procedure that renders it practical for a myriad of CO 2 capture
applications 16,17,21–23. PEI-impregnated MIL-101 was investigated for CO2 post
combustion capture by Lin et al. 24, who found that the enhanced pore volume of MIL-
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101 could accommodate the loading of large quantities of amines. More recently, Durante
et al. 25 examined PEI-impregnated MIL-101 for direct air capture applications, reporting
uptakes of 1.3 mmol/g at 400 ppm CO2 and ambient conditions. PEI has also been
impregnated onto mesoporous γ-alumina and investigated for CO2 capture performance.
Jones and co-workers 26,27 have reported γ-alumina to be a promising adsorbent support
that can capture large quantities of CO2 in dilute gas streams and can withstand simulated
flue gas conditions with minute decreases in working capacities. Most commonly, PEI is
impregnated onto silica supports and tested for capacity and durability. Many silicas have
arisen over the years to be facile supports for CO2 capture, including SBA-15, MCM-41,
and KIT-6 17,28–30. Recently, a relatively new class of bimodal mesoporous silica named
UVM-7 has attracted a great deal of interest for utilization in a variety of applications31,32.
While many investigations of amine-functionalized adsorbents focus on the
improvement of the equilibrium or dynamic adsorption capacities, the characterization of
the transport properties of CO2 through PEI-impregnated adsorbents is lacking.
Understanding the mass transfer characteristics of CO2 into and out of the adsorbent is
critical to the overall efficiency and performance of the capture process at industrial scale
mainly because it dictates the throughout and column size. Diffusion kinetics can be
measured by a variety of macroscopic and microscopic techniques, including interference
microscopy (IFM), frequency response (FR), IT micro-imaging (IRM), or the zero-length
column (ZLC) technique 33.
ZLC is a macroscopic technique that was popularized by Eic and Ruthven 34 and
has been extensively used for the diffusion characterization of a variety of porous
materials. Under well-defined conditions, the extracrystalline resistances to heat and mass
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transfer are neglected and sorption kinetics are completely controlled by intracrystalline
diffusion out of the pores. The ZLC model has been thoroughly characterized and
expanded in order to account for structured adsorbents 35,36, liquid systems 37, heat effects
38

, nonlinear systems 39,40, adsorption equilibria 41,42, and surface resistances 43,44.

However, utilizing the ZLC method to characterize the diffusion kinetics of CO 2 from
amino-materials has been widely unexplored. Gargiulo et al. 28 applied the ZLC
technique in order to measure the diffusion of CO2 in PEI-impregnated SBA-15 silica at
different amine-contents and temperature ranges. The authors found that diffusion is
slowed upon increasing amine content, and that diffusion is enhanced at higher
adsorption temperatures. To our knowledge, this is the only instance of the ZLC
technique used to characterize the sorption kinetics of amino-adsorbents. More recently,
Brandani and coworkers 45–47 utilized the ZLC method to measure irreversibly adsorbed
CO2 on the surface of amine-grafted silicas and amine-impregnated mesoporous carbons.
The authors demonstrated that ZLC desorption curves can provide results comparable to
calorimetric techniques for determining CO2 uptakes.
In this present work, we have expanded upon previous investigations to measure
the sorption kinetics of CO2 in three PEI-impregnated adsorbents, namely, PEIimpregnated MIL-101, γ-alumina, and UVM-7 silica. Each adsorbent was functionalized
with three different amine weights and the subsequent diffusion time constants were
compared in order to provide insight into the effects of amine content on the sorption
kinetics of CO2. Additionally, the PEI-impregnated silica was tested at different
temperatures and the sorption kinetics were compared in order to provide insight into the
effect of temperature dependence on CO2 diffusion in amino-adsorbents.
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2. EXPERIMENTAL SECTION

2.1 MATERIAL SYNTHESIS
The MIL-101 was synthesized according to a modified hydrothermal synthesis
reported in our previous work 48, the γ-alumina was synthesized according to a sol-gel
procedure reported elsewhere 49, and the UVM-7 silica that was synthesized following a
modified procedure reported in our previous work 50. The materials were then
functionalized with PEI (MW = 800) using a conventional wet-impregnation method.
Briefly, the MIL-101, γ-alumina, and silica supports were first activated at 120 °C for 24
h under vacuum in order to remove any gaseous impurities. Next, a PEI and methanol
solution was prepared using a desired amount of PEI dissolved in methanol (10 mL
methanol per 5 wt. % PEI), and left to stir for 2 h. Following, a desired quantity of dried
support was added to the solution and stirred under a N2 atmosphere overnight. The
methanol was removed by rotary evaporation and the amino-materials were dried under
vacuum for 2 h at 80 °C. Each support was impregnated with 20, 35, and 50 wt. % PEI
and are denoted as MIL-101-n, Alumina-n, and Silica-n (n = 20, 35, and 50 wt. %).
Additionally, the bare materials are denoted as MIL-101, alumina, and silica, throughout
the paper.

2.2 MATERIAL CHARACTERIZATION
N2 physisorption measurements were obtained using a Micromeritics 3Flex gas
analyzer at 77 K. Surface area was determined using Brunauer-Emmett-Teller (BET) and
pore volume was estimated at P/P0 = 0.9. Nonlocal density functional theory (NLDFT)
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was used to determine pore sizing. Elemental analysis was performed using an Exeter
CE-440 Elemental Analyzer to determine C, H, and N contents of the bare supports and
amine-impregnated samples. The N content was used to quantify amine loadings for each
PEI-impregnated sample.
CO2 Adsorption isotherms over adsorbent materials were obtained at 25 °C using
3Flex gas analyzer. Additionally, the isotherms at 50 and 75 °C were measured for silicasupported amine adsorbents. Prior to measurement, MIL-101, γ-alumina, and silica were
degassed in a Micromeritics Prevac at 150, 250, and 250 °C, respectively, for 6 h. All
PEI-impregnated adsorbents were degassed at 110 °C for 1 h.

2.3 ZLC EXPERIMENTS
The ZLC apparatus is depicted in Figure 1. Measurements were carried out using
a pre-mixed 5% CO2/He carrier stream and an ultra-high purity He purge stream. Both
streams were fed through mass flow controllers (MFCs) and a three-way switching valve
in order to control which gas line entered the ZLC column. The ZLC column consisted
of a 1/8” Swagelok union loaded with a wire mesh serving as the adsorbent bed. The
ZLC was housed inside of a heating cell comprised of HTSAmptek heating tape
controlled by an Omega CSi32K benchtop controller. Following the ZLC column, the
effluent gas was directly monitored by a BELMass benchtop quadrouple mass
spectrometer and vented through a soap-bubble flowmeter.
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Figure 1. Schematic diagram of ZLC apparatus.

In a typical run, a small sample (between 1 - 3 mg) was loaded inside of the 1/8”
Swagelok union and distributed evenly on the wire mesh. The MIL-101, γ-alumina, and
silica were degassed at 150, 250, and 250 °C, respectively, for 6 h, and the aminomaterials were degassed at 110 °C for 1 h under a 2 mL/min He stream. Before time
zero, the pre-mixed gas carrier was introduced into the adsorption cell and the adsorbent
sample was equilibrated for 1 – 2 h. Adsorption was monitored via the mass
spectrometer to ensure complete sample saturation before desorption. At time zero, the
valve was switched and the adsorbent sample was exposed to the He purge. The effluent
gas stream was monitored for a sufficiently long time to assure complete CO 2 desorption
from the adsorbent. Prior to material testing, blank runs were conducted in order to
measure the response-time of the system at different flow rates. Blank tests are shown in
Figure S1, Supporting Information.
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3. ZLC THEORETICAL MODEL

In the ZLC experiments, a bed of adsorbent was saturated with CO 2 in He at a low
concentration in order to reside within the linear region of Henry’s law. It is assumed that
the ZLC cell is well mixed, with the fluid and adsorbed species in equilibrium on the
adsorbent surface. Assuming spherical particles of radius
diffusion

rc2 and intracrystalline

Dc as the rate limiting step to mass transfer, upon desorption, the response

curve is derived from Fick’s law of diffusion and is modeled as:
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2L
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L
(
L
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n1 
 n
  c 
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Studies 51,52 have shown that for CO2 desorption from PEI-immobilized adsorbents, initial
desorption is complex and involves the combination of several diffusion mechanisms
However, beyond the initial desorption period, the rate of mass transfer is limited by the
chemical reaction between CO2 and the primary amine groups of the PEI as CO2 diffuses
out of the PEI multilayers 51–55. Therefore, for the PEI materials, Dc / rc2 should instead be
expressed by an effective diffusion time constant,

De / R2 , which can be extracted from

the desorption curves at long times. Under such conditions, only the first summation of
eq. 1 becomes significant and Fick’s law can be reduced to:
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where

(2)

1 is the root of the transcendental equation:

1 cot 1  L1 0

(3)

and L is the dimensionless model parameter:

2
L 1 F R
3 KVs De

(4)

where F is the purge flow rate, Vs is the sample volume, and K is the dimensionless
Henry’s law constant. When the purge flow rate is sufficiently large such that L > 10, the
resultant desorption curve is kinetically controlled and provides reliable values for
diffusion. Thus, from eq. 3,
asymptote with a slope of

1 

and a plot of ln(C/C0) vs. t yields a long-time

2De / R2 . As long as L > 10, altering the purge flow rate may

change the intercept of the curve but the slope should remain constant. For consistency,
all diffusion time constants reported in this paper are referred to as De/R2. The accuracy
and reliability of ZLC theory has been thoroughly detailed in many previous studies, and
further analyses can be found elsewhere 34,40–42,56,57.
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4. RESULTS AND DISCUSSIONS

4.1 PHYSICAL PROPERTIES OF MATERIALS
To determine the degree of porosity loss upon PEI impregnation, the N 2
physisorption isotherms were measured and displayed in Figure 2. For all materials, the
PEI incorporation significantly affected the N2 adsorption, resulting in sequentially
diminished uptakes as amine loading increased. As shown in Figure 2a, all MIL-101
adsorbents exhibited type I isotherm, indicated by a sharp initial uptake of N 2 at low
pressure, followed by a gradual increase at higher relative pressures, characteristic of
microporous materials. The obtained isotherms are consistent with literature results
reported for bare MIL-101 and PEI-MIL-101 25,48. For alumina samples on the other hand
(Figure 2b), a typical type IV isotherm showing significant N 2 uptake at relative pressures
greater than 0.8 was observed, which indicated the predominant mesoporous nature of
alumina with H1 hysteresis loop. 58 Upon PEI-impregnation, N2 physisorption decreases
with amine loading, indicating successful impregnation of PEI into the mesopores. The
mesoporosity of the PEI-alumina was maintained, indicated by the H1 hysteresis present
in all PEI-alumina isotherms. These isotherms are consistent with literature at
comparable amine loadings 27,59. Shown in Figure 2c, the UVM-7 silica curve shows two
defined adsorption steps, confirming bimodal porosity 31,32. The first adsorption step, at
intermediate relative pressure, is characteristic of a type IV isotherm and is due to
capillary condensation of N2 inside of homogenous intra-nanoparticle mesopores. The
second adsorption step corresponds to the filling of large mesopores. The H4 hysteresis
shown upon desorption at moderate relative pressures further indicates the presence of
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bimodal pores. After PEI functionalization, this region is significantly reduced,
indicating a loss in bimodal porosity upon amine impregnation as the isotherms take on a
more typical type IV shape representative of many mesoporous silicas 60–62.
The textural properties of the bare and amine-functionalized adsorbents
determined from the N2 isotherms, along with the amine loadings of the materials, are
presented in Table 1. As expected, the incorporation of amines reduced the surface areas
and pore volumes of the materials, indicating the successful loading of PEI into the pores.
Upon 20, 35, and 50 wt. % PEI impregnation, amine loadings of 2.9, 4.1, and 8.2 mmol
N/g were achieved for PEI-MIL-101, respectively, 3.2, 4.1, 7.0 mmol N/g were achieved
for PEI-Alumina, respectively, and 3.9, 5.9, 8.0 mmol N/g were achieved for PEI-Silica,
respectively.
These loadings are concordant, allowing for direct comparisons between PEIadsorbents. Upon impregnation of the bare MIL-101, the surface area decreased
significantly from 2400 to 900, 800, and 600 m2/g, respectively, for MIL-101-20, MIL101-35, and MIL-101-50, and the pore volume dropped from 1.20 to 0.60, 0.47, and 0.40
cm3/g, respectively, due to increased amine loadings. Alumina saw a decrease in surface
area from 250 to 170, 140, and 65 m2/g, respectively, for Alumina, Alumina-20,
Alumina-35, and Alumina-50, and a decrease in pore volume from 1.20 to 0.31 cm3/g.
For UVM-7 silica, a decrease in surface area from 1200 to 640, 500, and 120 m2/g,
respectively, was noted for Silica, Silica-20, Silica-35, and Silica-50 and a decrease from
1.15 to 0.64 cm3/g in pore volume.
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Figure 2. N2 physisorption isotherms for (a) MIL-101, (b) alumina, and (c) silica based
adsorbents.

Upon examination of the textural properties of Silica-35 to Silica-50, we see a
large drop in the surface area from 500 to 120 m2/g but a smaller decrease in pore volume
(0.86 to 0.64 cm3/g). This could be the result of complete filling of small mesopores but
incomplete filling of the large mesopores, as supported by the type IV shape of the Silica50 isotherm (Figure 2c), which exhibited a substantial N2 uptake at P/P0 > 0.9 and a
hysteresis upon desorption that is consistent with the presence of these large mesopores58.
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Table 1. Physical Properties of Bare and Amine-Functionalized Adsorbents.
Material

SBET
(m3/g)

VP
(cm3/g)

dP
(nm)

MIL-101
MIL-101-20
MIL-101-35
MIL-101-50
Alumina
Alumina-20
Alumina-35
Alumina-50
Silica
Silica-20
Silica-35
Silica-50

2400
900
800
600
250
170
140
65
1200
640
500
120

1.20
0.60
0.47
0.40
1.20
0.84
0.70
0.31
1.15
1.10
0.86
0.64

2.3
1.3
1.9
1.9
14
13
13
13
2.9
2.6
2.6
3.0

Amine
Loading
(mmol N/g)
2.9
4.1
8.2
3.2
4.1
7.0
3.9
5.9
8.0

4.2 ADSORPTION ISOTHERM MEASUREMENTS
For MIL-101 and alumina based materials, the maximum CO2 uptake at 25 °C
and 1 bar were extracted from the equilibrium adsorption isotherms and are shown in
Table 2. The silica adsorbents were tested at a range of temperatures (25-75 °C) and are
recorded in Table 3. The CO2 adsorption isotherms for the MIL-101 and PEIimpregnated MIL-101 adsorbents (Figure 3a) exhibit comparable uptakes to those found
in literature at similar amine loadings 48,63. At 1 bar, the bare MIL-101 reached a capacity
of 1.60 mmol/g. Upon the addition of PEI, the maximum adsorption capacity of MIL101-20 and MIL-101-35 increased by 25 % and 94 %, respectively, over that of the bare
support. In regions of low loadings (0.10 bar CO2), we observe up to a five-fold increase
in uptake for these materials due the influence of strong interactions between CO 2 and the
amine groups within the MOF pores. Interestingly, the maximum uptake of CO 2 between
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MIL-101-35 and MIL-101-50 decreased by 10 %. This is likely due to blockages
occurring within the micropores, resulting in diffusional resistances and limitations
towards the accessibility of adsorption active sites. This trend agrees with our other work
which shows that MIL-101 loaded with 85 wt. % PEI exhibits a further diminished
capacity of 2.1 mmol/g at 1 bar 48.
The adsorption isotherms for the alumina and PEI-alumina adsorbents are shown
in Figure 3b. The bare alumina used in this study does not exhibit an affinity for CO 2, but
rather serves as a durable support that can facilitate the impregnation and even dispersion
of large quantities of PEI into its mesoporous network due to its large pore diameter (14
nm). The resultant CO2 isotherms for these PEI-Alumina adsorbents, exhibiting high
initial uptakes for each isotherm in the region of low loading, exemplify CO 2 capture
solely by chemical adsorption. At 1 bar, the maximum CO2 uptake for Alumina-20,
Alumina-35, and Alumina-50 was 0.41 mmol/g, 0.90 mmol/g, and 1.42 mmol/g,
respectively.
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Figure 3. CO2 adsorption isotherms of (a) MIL-101, MIL-101-20, MIL-101-35, and MIL101-50 and (b) Alumina-20, Alumina-35, and Alumina-50 at 25 °C and 1 bar.
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The CO2 adsorption isotherms for the silica and PEI-impregnated silica
adsorbents were taken at 25 °C, 50 °C, and 75 °C and are shown in Figure 4. To our
knowledge, this is the first time this silica type has been functionalized with PEI and
tested for CO2 uptake over a range of temperatures. As expected, the adsorption capacity
of the bare silica support decreased with increasing temperature (Table 3 and Figure 4a)
and the PEI-silica capacities exhibited the following trend: Silica < Silica-20 < Silica-35
< Silica-50 at each temperature profile (Figure S2, Supplementary Information). From
examination of Figure S2, Supplementary Information, it is clear that these isotherms
exhibit contributing effects of chemical and physical adsorption mechanisms. In the low
loadings regions, chemical adsorption is pronounced, and, as expected, shows a greater
initial uptake (Figure S2c, Supplementary Information) at 75 °C as opposed to that
observed at 25 °C (Figure S2a, Supplementary Information) 17. However, as the partial
pressure of CO2 is increased, physical adsorption becomes more pronounced 64,65.
However, several interesting trends were revealed upon the comparison of CO 2
uptakes of the individual PEI-silica adsorbents (Figure 4). Examination of Figure 4b
shows that for Silica-20, CO2 uptake successively decreased at temperature increases.
Initially, this appears to be in contrast with other investigations that have shown PEIsilica adsorbents exhibiting enhanced capacities at higher temperatures 17. However,
from the observed surface area and pore volume (640 m2/g and 1.10 cm3/g, respectively),
we know this trend is due to thermodynamic effects resulting from the low coverage of
PEI in the mesopores. Surface sites on the silica support are more accessible in the pores,
resulting in less CO2 diffusion into the PEI 13,25. Figure 4c shows that the adsorption
capacities at 1 bar are essentially equivalent at all temperatures for Silica-35. From this,
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we see the competing regimes of chemical and physical adsorption. Figure 4d shows
enhanced capacities as the temperature is increased for Silica-50. This is in line other
PEI-silica studies. The available actives sites on the silica surface are reduced at higher
PEI loadings, and, as temperature increases, the PEI polymer becomes more flexible and
exposes more active sites for CO2 capture. This shows an important dependency on the
effect of PEI-loadings for UVM-7 silica, and the effects of thermodynamic versus kinetic
control on CO2 adsorption.
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Figure 4. CO2 adsorption isotherms at 25 °C, 50 °C, and 75 °C and 1 bar for (a) Silica, (b)
Silica-20, (c) Silica-35, and (d) Silica-50.
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From the Silica and PEI-Silica isotherms, the isosteric heats of adsorption, H ,
were calculated by applying the Clausius-Clapeyron Equation:

 ln P  H
(1/ T)  R

q

(6)

where P is the pressure, T is the temperature, q is the amount adsorbed, and R is the
universal gas constant. At zero coverage, the heats of adsorption values for silica, Silica20, Silica-35, and Silica-50 were found to be 21, 48, 54, and 64 kJ/mol, respectively. As
expected,

H increased with amine loadings and exhibits values comparable to other

PEI-functionalized mesoporous silicas outlined in literature 66,67. The high heats of
adsorption at the onset of CO2 uptake further demonstrates the presence of chemical
adsorption between CO2 and amine active sites 64.

Table 2. CO2 uptake and PEI amine efficiency at 25 °C and 1 bar, and Henry’s Constant
at 25 °C.
Material
CO2 Uptake
Amine Efficiency H
(mmol/g)
(mol CO2 /mol N) (mmol/gbar)
MIL-101
1.58
1.7
MIL-101-20
1.98
0.68
5.0
MIL-101-35
2.50
0.61
9.0
MIL-101-50
2.25
0.27
8.6
Alumina
Alumina-20
0.41
0.13
8.6
Alumina-35
0.90
0.22
900
Alumina-50
1.42
0.20
26,000
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Amine efficiencies were further calculated at 1 bar for all PEI-impregnated
materials. Amine efficiency is defined as the number of moles of CO 2 captured per mole
of amine and, for PEI, has a maximum theoretical efficiency of 0.5. The branched PEI
used here consists of 44 % primary amine groups, 33 % secondary, and 23 % tertiary.
Under dry conditions, tertiary amines cannot react with CO 2, reducing the maximum
amine efficiency for these materials to 0.385 26,68. The amine efficiencies of the PEIMIL-101 composites revealed unexpected results. MIL-101-20 and MIL-101-35
achieved amine efficiencies of 0.68 and 0.61, respectively. This same phenomena has
been reported elsewhere for PEI-MIL-101 composites 63. Recently, Planas et al. 69
reported a new mechanism for CO2 adsorption onto amine groups, suggesting that two
amine groups can simultaneously capture two CO2 molecules. This would increase the
theoretical amine efficiency to 1.0, and we believe that our experimental results
collaborate with this new finding. Alumina-35 yielded the highest amine efficiency at 1
bar (0.22 mol CO2/mol N), demonstrating that Alumina-35 provided the easiest
accessibility of available amine sites for CO2 adsorption. As expected, PEI-Silica saw a
general increase in amine efficiency with temperature. This is best explained by the rearrangement of PEI within the pores at higher temperatures, resulting in easier CO 2
accessibility to amine active sites 21,70. Similar to PEI-Alumina, Silica-35 exhibited the
highest amine efficiencies at all three temperatures.
Moreover, at regions of low loadings the Henry’s constants, H, were calculated
according to a Virial Plot:
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 ln P  H
(1/ T)  R

q

(5)

where P is the pressure, q is the amount adsorbed, and A1 is a virial constant. H provides
important characterization of the intrinsic affinity between sorbent and adsorbent, and is
commonly used to provide qualitative comparisons of adsorbent affinities.

Table 3. CO2 uptake, PEI amine efficiency, and Henry’s Constant at 25 °C, 50 °C, and 75
°C and 1 bar.
Material
Temp CO2 Uptake
Amine Efficiency H
(°C)
(mmol/g)
(mol CO2 /mol N) (mmol/gbar)
Silica
25
0.56
0.7
Silica-20
1.05
0.14
12
Silica-35
1.27
0.18
61
Silica-50
1.27
0.16
740
Silica
50
0.33
0.3
Silica-20
0.79
0.20
30
Silica-35
1.20
0.21
3,300
Silica-50
1.35
0.17
730,000
Silica
75
0.18
0.2
Silica-20
0.66
0.17
42
Silica-35
1.20
0.20
1,200
Silica-50
1.42
0.18
1,400,000

From examination of the H values for MIL-101 and PEI-MIL-101 (Table 2), we
observe that even upon the addition of PEI, the Henry’s constants are still considerably
less than those found for the benchmark materials zeolite 5A or 13X 71, indicating PEIMIL-101 exhibits a weaker affinity towards CO2 at low surface coverage. PEI-alumina
materials, however, show a one hundred-fold increase in H with each additional PEI
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loading (Table 2), representing them as promising adsorbents for direct air capture
applications. PEI-Silica exhibited enhanced H values at higher temperatures and, like
PEI-Alumina, shows a one hundred-fold increase in H with each amine loadings at 50
and 75 °C (Table 3). Silica-50 demonstrated exceptional H values at all temperature
profiles, illustrating the effect of PEI-functionalization on the initial adsorption uptake
(Figure 4d).

4.3 DIFFUSION KINETICS OF CO2 IN MIL-101 BASED ADSORBENTS
ZLC technique was used in order to determine for the diffusion kinetics for MIL101 and PEI-MIL-101 at 25 °C. Three flow rates (5.0 mL/min, 7.5 mL/min, and 10
mL/min) were used in order to characterize De/R2 for each adsorbent, and L was
optimized in order to ensure each run was kinetically controlled. Figure 5 illustrates the
resultant desorption curves, and Table 4 provides the average Dc/rc2 for the bare MIL-101
and the average De/R2 of each PEI-MIL-101 material, as well as the L parameters. The
individual diffusion time constants derived at each flow rate are provided in Table S1,
Supporting Information.
Desorption of CO2 from the bare MIL-101 (Figure 5a) was relatively quick,
exhibiting a Dc/rc2 = 0.00227 s-1, and reaching C/C0 = 0.001 in under 200 s at 5 mL/min.
To our knowledge, this is the first time Dc/rc2 has been reported for CO2 in this material.
Zhang et al. 72 characterized diffusion values of CO2 through MIL-101, however, MIL101 can express a variety of crystalline radius sizes, making comparison between these
works inappropriate. Additionally, the desorption time for MIL-101 exhibited the same
time-scale as adsorption. This is rather uncommon for many adsorption processes which
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generally exhibit faster adsorption and slower desorption kinetics 73, making this a
promising material for a myriad of cyclic processes.
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Figure 5. ZLC desorption curves of CO2 at 25 °C for (a) MIL-101, (b) MIL-101-20, (c)
MIL-101-35, and (d) MIL-101-50.

Figures 5b-d illustrate desorption of CO2 from MIL-101 upon the addition of PEI
into the micropores. From the diffusivity values tabulated in Table 4, the De/R2 of MIL101-20, MIL-101-35, and MIL-101-50 decreased by 62 %, 69%, and 73 %, respectively,
to the Dc/rc2 of the MIL-101 support. The dramatic decrease in diffusivity upon the
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addition of 20 wt. % PEI illustrates the introduction of diffusional resistances upon the
loading of bulky PEI into the MOF micropores. The PEI branches both chemically
interact with the CO2 and, at low temperatures (25 °C) bars movement out of the pores,
resulting in slower kinetics and increased desorption times. As PEI loadings were
increased to 35 and 50 wt. %, the diffusivity values further decreased due to additional
blockages by PEI within the pores.

Table 4. Diffusivity values for MIL-101 and PEI-MIL-101 at 25 °C.
Material
Dc/rc2 × 103
De/R2 × 103
L
-1
-1
(s )
(s )
MIL-101
2.27
11-190
MIL-101-20
0.87
12-120
MIL-101-35
0.71
34-100
MIL-101-50
0.62
17-170

The ZLC desorption curves for the PEI-MIL-101 adsorbents are uniquely
different from the bare MOF support, and illustrate the complex diffusional kinetics of
PEI-impregnated materials 51. Upon examination of Figures 5b-d, we see that flow rate
plays a crucial role at the beginning stages of desorption. Increasing the purge rate
results in a longer region of non-linearity, and, this becomes more pronounced as the
amine loading is increased. This is likely a consequence of the differing rate-limiting
mechanisms for mass transfer between physical and chemical adsorption. Physical and
chemical sorption mechanisms operate independently and thus would influence the
observed desorption curve. Bare MIL-101 exhibits a substantial CO2 uptake, signifying
that for PEI-MIL-101 materials, CO2 would adsorb on both physical and chemical active
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sites. Upon desorption, due to its weaker affinity, the physically-adsorbed CO2 species
would diffuse first from the adsorbent, and, dependent upon the magnitude of the purge
flow rate, would result in initial desorption curves of varying shapes 55,74.

4.4 DIFFUSION KINETICS OF CO2 IN γ-ALUMINA-BASED ADSORBENTS
The Alumina and PEI-Alumina diffusion kinetics for CO2 were examined at 25
°C. ZLC desorption curves are illustrated in Figure 6 and the De/R2 averages are shown
in Table 5 (diffusivities gathered at each run are tabulated in Table S2, Supporting
Information). Three different purge flow rates were investigated in regions of kinetic
control (L > 10) in order to ensure the acquirement of accurate diffusion time constants
for each material. The resultant desorption curves for the PEI-Alumina materials exhibit
similar profiles as those shown by PEI-MIL-101, further demonstrating CO2 diffusion out
of the branched PEI as the rate-limiting mass transfer mechanism upon CO2 desorption
for these materials.
The alumina support (Figure 6a) exhibited a Dc/rc2 of 0.00125 s-1. While the
alumina used in this study does not itself possess an intrinsic affinity for CO 2, ZLC
desorption was used to in order to map the path of diffusivity of CO 2 through the
mesopores. Figure 6b-d illustrate desorption curves for Alumina-20, Alumina-35, and
Alumina-50, which yielded De/R2 values of 0.00079 s-1, 0.00074 s-1, and 0.00069 s-1,
respectively. As expected, the diffusion time constants for each PEI-Alumina decreased
by 37 %, 41 %, and 45 %, respectively, compared to the alumina support due to the
introduction of kinetic barriers to mass transfer in the mesopores resulting from the
impregnation of branched PEI. Additionally, the reduction in De/R2 values across the
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PEI-Alumina is quite consistent, showing a decrease of 5 x 10 -5 s-1 upon 15 wt. %
loadings. This quite nicely demonstrates that, for mesoporous supports that do not
exhibit an intrinsic affinity for CO2, there exists a linear relationship between diffusivity
and PEI loading. This trend could be used to effectively approximate the diffusivity of
PEI-Alumina over a range of amine loadings, provided that the pores are not overfilled.
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Figure 6. ZLC desorption curves of CO2 at 25 °C for (a) Alumina, (b) Alumina-20, (c)
Alumina-35, and (d) Alumina-50.
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Comparison of the decrease in diffusivity between the support and PEIfunctionalized adsorbents of MIL-101 and alumina demonstrates the important effect of
mesoporous versus microporous support structures on CO2 diffusional resistances. At 20
wt. % PEI loading, the diffusivity of MIL-101-20 and Alumina-20 decreased by 62 %
and 37 %, respectively. The pore diameter of the support has been identified as the most
important factor regarding optimization of CO2 uptake and kinetics 17. The mesoporous
alumina support exhibits a superior pore diameter (14 nm) over that of the MIL-101 (2.3
nm) and can accommodate the impregnation of larger quantities of amines and allow for
a more even distribution of PEI within the pore network, resulting in improved diffusion
kinetics 30,75–78.

Table 5. Diffusivity values for Alumina and PEI-Alumina at 25 °C.
Material
Dc/rc2 x 103
De/R2 x 103
L
-1
(s )
(s-1)
Alumina
1.25
19-100
Alumina-20
0.79
12-120
Alumina-35
0.74
34-100
Alumina-50
0.69
17-170

4.5 DIFFUSION KINETICS OF CO2 IN SILICA-BASED ADSORBENTS
The CO2 diffusion time constants were examined for silica and PEI-silica
materials at 25, 50, and 75 °C. The desorption curves for these materials at these
temperatures are illustrated in Figures 7-9, respectively, and are tabulated in Table 6 in
order to provide comparisons between the kinetic rates taken for each material at the
different temperature conditions. Three purge flow rates were investigated and held
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constant to those used for the MIL-101 and alumina materials in order to ensure
consistency amongst all tested adsorbents.
The observed ZLC desorption curves for these PEI-impregnated silicas revealed
an interesting trend that is not observable in the ZLC curves of the silica support. It is
clear from the desorption curves (Figures 7-9) that there exist two distinct regions of
mass transfer control occurring at different sorption times. The first region occurs
following the immediate region of desorption and yielded a linear long-time asymptote
that lasted between 200 – 300 s depending on amine-loading and the temperature of the
trial. Upon examination of Figures 7-9, this region is most pronounced at 25 °C and
lessens in longevity at higher temperatures. The second region of mass transfer control
occurs at a longer sorption time (> 300 s) and remains the controlling mass transfer rate
until complete desorption was achieved for all PEI-Silica trials. In Figures 7-9, the linear
fit for Ds/R2 is denoted as a dotted line and the fit for De/R2 is denoted as a solid line.
Previous studies have found that CO2 adsorption over PEI-impregnated
mesoporous silicas is a two-step rate-limiting process 51,52,54. The first rate-limiting step
is surface uptake where adsorption occurs dominantly on the support active sites or near
the surface layers of the PEI. Upon saturation, the second step then becomes ratelimiting and involves CO2 diffusion into the bulk of the PEI. From this, upon desorption,
we assume the initial rate limiting step is surface diffusion, which has been denoted in
Table 6 as Ds/R2, and the second is the diffusion of CO2 out of the PEI, or effective
diffusion (De/R2), of the aminosilicas. Due to its much longer sorption time, De/R2 is the
primary rate limiting step to mass transfer and therefore is the focus of these materials.
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The Ds/R2 and De/R2 derived for each individual trial at 25, 50, and 75 °C are listed in
Tables S3-S5, Supporting Information.

Table 6. Surface and effective diffusivity values for Silica and PEI-Silica at 25, 50, and
75 °C.
Material
25 °C
50 °C
75 °C
2
2
2
2
2
Ds/R
De/R
Ds/R
De/R
Ds/R
De/R2
Ea
-1
-1
-1
-1
-1
-1
(s )
(s )
(s )
(s )
(s )
(s )
(kJ/mol)
Silica
1.31
1.69
1.84
5.9
Silica-20
0.78
0.31
0.85
0.40
0.91
0.49
7.3
Silica-35
0.76
0.27
0.78
0.38
0.90
0.45
8.9
Silica-50
0.73
0.20
0.74
0.34
0.87
0.40
12

As expected, a higher De/R2 is observed for each PEI-silica as the temperature is
increased. This agrees well with work reported by Gargiulo et al. 28, which, using the
ZLC technique, observed an enhancement in the diffusion time constant with temperature
over PEI-impregnated SBA-15 silica. The De/R2 for Silica-20 increased by 0.00031 s-1,
0.00040 s-1, and 0.00049 s-1, the De/R2 for Silica-35 increased by 0.00027 s-1, 0.00038 s-1,
and 0.00045 s-1, and De/R2 for Silica-50 increased by 0.00020 s-1, 0.00034 s-1, and
0.00040 s-1 at 25, 50, and 75 °C, respectively. This is attributed to the enhancement of the
molecular flexibility of PEI at higher temperatures. The PEI branches open and rearrange
within the pores, exposing more active sites and removing barriers to diffusion, which in
turn enhances the diffusivity of CO2 within the amine bulk and results in higher sorption
rates 21,52,54. Additionally, the enhancement in De/R2 for each aminosilica is relatively
constant. Therefore, the activation energy, Ea, for each material, including the bare silica
support, was determined by the Arrhenius equation from the slope of a plot of ln De/R2
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vs. 1/T (Figure S3, Supporting Information). The Ea for each material is listed in Table 6.
As expected, Ea is lowest for the bare silica and increases sequentially with amine
loading. Chemical adsorption requires a higher activation energy than physical adsorption
in order to overcome the potential energy barrier 79,80. Additionally, the low Ea displayed
by Silica-20, Silica-35, and Silica-50 agrees with those displayed by PEI-impregnated
SBA-15 silica and indicates sorption is primarily occurring in the support mesopores 28.
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Figure 7. ZLC desorption curves of CO2 at 25 °C for (a) Silica, (b) Silica-20, (c) Silica35, and (d) Silica-50.
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It has been well established that surface diffusion is a thermodynamically driven
process that can be well-explained from examination of the adsorption isotherms 33. From
Table 6, we clearly see that Ds/R2 increases with temperature for all three PEI-silica
composites. We know that for Silica-20, from the isotherms, adsorption is controlled by
thermodynamic effects (Figure 4b). Less CO2 is adsorbed to Silica-20 at high
temperatures which would mean that upon desorption, surface diffusion occurs more
quickly as there are fewer CO2 molecules occupying adsorption sites 17. For Silica-35,
while we do see an influence of chemical adsorption in the isotherms, ultimately, lower
capacities are achieved at higher temperatures (Figure 4c) which would result in
enhanced surface diffusion characteristics. For Silica-50, this trend be best explained
from the silica support isotherms (Figure 4a). Physical and chemical adsorption are
independent sorptive processes. While the capacities for Silica-50 increase overall with
temperature due to chemical adsorption (Figure 4a), the physical adsorption uptake
reduced. Therefore, less CO2 is physically adsorbed to the silica at higher temperatures,
resulting in faster surface diffusion kinetics.
At 25 °C, as expected, both Ds/R2 and De/R2 decrease with increased amine
loadings. From Table 1, we know higher PEI loadings resulted in reduced pore volumes
which increases the diffusion barrier of CO2 out of the PEI multilayers. The bare silica
showed a Dc/rc2 of 0.00131 s-1 and reached C/C0 = 0.001 in under 500 s. To our
knowledge, this is the first time the diffusion time constant for CO 2 has been reported for
UVM-7 silica. Upon the addition of 20, 35, and 50 wt. % PEI into the mesopores, the
De/R2 was reduced by 76 %, 79 %, and 85 %, respectively, compared to the bare support.
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This suggests the intrusion of significant mass transfer resistances as CO2 diffuses from
the multilayers.
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Figure 8. ZLC desorption curves of CO2 at 50 °C for (a) Silica, (b) Silica-20, (c) Silica35, and (d) Silica-50.

Additionally, upon examination of Figures 7b-d, we observe that Ds/R2 is the ratecontrolling mechanism for up to 300 s. This is a longer sorption time than what was
observed at 50 and 75 °C. UVM-7 exhibits an intrinsic affinity for CO2; in addition to
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CO2 residing in the multilayers, CO2 is also adsorbed onto actives sites on the silica
surface.
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Figure 9. ZLC desorption curves of CO2 at 75 °C for (a) Silica, (b) Silica-20, (c) Silica35, and (d) Silica-50.

This would result in a longer region of surface diffusion, especially at low
temperatures when physical adsorption is thermodynamically favored 81,82. At 50 and 75
°C, again, as expected, both Ds/R2 and De/R2 decrease with increased amine loadings.
The De/R2 of the bare silica exhibited an enhancement in temperature to De/R2 = 0.00169
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s-1 and De/R2 = 0.00169 s-1, respectively, at 50 and 75 °C. This agrees well with
established findings that diffusivity increases with temperature 28,52,54,83. Upon the
loading of PEI, at 50 °C the De/R2 for Silica-20, Silica-35, and Silica-50 decreased by 76
%, 78 %, and 80 %, respectively, and at 75 °C De/R2 decreased by 73 %, 76 %, and 78 %,
respectively, compared to the bare silica. Upon comparison to the decreases observed at
25 °C, we see, as expected, reduced diffusional resistances at higher temperatures.

5. CONCLUSION

In this investigation, the diffusion of CO2 was investigated in three PEIimpregnated adsorbents, namely, PEI-impregnated MIL-101, γ-alumina, and UVM-7
silica, at three different amine contents via the ZLC method at 25 °C. Experimental
results indicate that for all three materials tested, as the PEI content is increased, diffusion
rates are reduced. Moreover, it was found that the porosity of the support is instrumental
in mitigating diffusional losses upon amine-functionalization. Microporous PEI-MIL101 exhibited greater diffusional limitations upon amine loading compared to the
mesoporous PEI- γ-alumina. PEI-impregnated UVM-7 silica was further investigated at
50 and 75 °C, where it was revealed both that PEI-impregnated mesoporous silicas
exhibit two different mass transfer regimes that occur at different sorption times, and that
as the temperature is increased, diffusion is enhanced. This is in accordance with
molecular-basket adsorbents that see a rearrangement of bulky aminopolymers in the
pores at higher temperatures, exposing more active sites and reducing diffusional
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barriers. The findings of this study highlight the importance in selecting PEI-adsorbents
that allow for both high working capacities and fast desorption kinetics.
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Figure S1. Experimental Ft (mL) plot demonstrating response and bare Silica, Alumina,
and MIL-101 at 0.05 bar CO2 in He at 25 °C.
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Figure S2. CO2 adsorption isotherms for Silica, Si-20, Si-35, and Si-50 at (a) 25 °C, (b)
50 °C, and (c) 75 °C.
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Figure S3. Arrhenius plot of CO2 for Silica, Silica-20, Silica-35, and Silica-50.

Table S1. Diffusivity values for MIL-101 and PEI-MIL-101 at 25 °C.
Material
Flow Rate
Dc/rc2 x 103
De/R2 x 103
L
(mL/min)
(s-1)
(s-1)
MIL-101
5.0
2.25
11
7.5
2.28
33
10.0
2.28
190
Avg
2.27
MIL-101-20
5.0
0.90
12
7.5
0.90
45
10.0
0.83
120
Avg
0.87
MIL-101-35
5.0
0.71
34
7.5
0.71
53
10.0
0.72
100
Avg
0.71
MIL-101-50
5.0
0.62
17
7.5
0.71
39
10.0
0.62
170
Avg
0.62

98
Table S2. Diffusivity values for Alumina and PEI-Alumina at 25 °C.
Material
Flow Rate
-Slope x 102 De/R2 x 103
L
(mL/min)
(s-1)
(s-1)
Alumina
5.0
1.26
19
7.5
1.24
35
10.0
1.35
100
Avg
1.25
Al-20
5.0
0.79
10
7.5
0.79
17
10.0
0.80
39
Avg
0.79
Al-35
5.0
0.72
11
7.5
0.75
21
10.0
0.74
50
Avg
0.74
Al-50
5.0
0.66
17
7.5
0.75
31
10.0
0.65
100
Avg
0.69

Material
Silica

Avg
Silica-20

Avg
Silica-35

Avg
Silica-50

Avg

Table S3. Diffusivity values for Silica and PEI-Silica at 25 °C.
Flow Rate
Ds/R2 x 103
L
De/R2 x 103
(mL/min)
(s-1)
(s-1)
5.0
1.30
7.5
1.31
10.0
1.31
1.31
5.0
0.73
13
0.31
7.5
0.78
34
0.32
10.0
0.73
88
0.33
0.78
0.32
5.0
0.70
15
0.25
7.5
0.87
28
0.27
10.0
0.70
81
0.29
0.76
0.27
5.0
0.70
14
0.18
7.5
0.79
32
0.19
10.0
0.69
82
0.23
0.73
0.20

L
11
16
35
65
220
300
100
250
300
110
310
410
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Material
Silica

Avg
Silica-20

Avg
Silica-35

Avg
Silica-50

Avg

Material
Silica

Avg
Silica-20

Avg
Silica-35

Avg
Silica-50

Avg

Table S4. Diffusivity values for Silica and PEI-Silica at 50 °C.
Flow Rate
Ds/R2 x 103
L
De/R2 x 103
-1
(mL/min)
(s )
(s-1)
5.0
1.67
7.5
1.70
10.0
1.70
1.69
5.0
0.65
12
0.41
7.5
0.94
17
0.41
10.0
0.95
38
0.40
0.85
0.41
5.0
0.79
10
0.38
7.5
0.80
14
0.39
10.0
0.75
26
0.38
0.78
0.38
5.0
0.70
11
0.35
7.5
0.75
16
0.35
10.0
0.76
26
0.32
0.74
0.34

Table S5. Diffusivity values for Silica and PEI-Silica at 75 °C.
Flow Rate
Ds/R2 x 103
L
De/R2 x 103
-1
(mL/min)
(s )
(s-1)
5.0
1.80
7.5
1.87
10.0
1.86
1.84
5.0
0.90
8
0.49
7.5
0.94
12
0.49
10.0
0.90
26
0.47
0.91
0.48
5.0
0.92
8
0.45
7.5
0.90
25
0.45
10.0
0.87
53
0.46
0.90
0.45
5.0
0.91
8
0.40
7.5
0.90
17
0.41
10.0
0.81
46
0.40
0.87
0.40

L
12
14
22
22
51
130
26
41
66
33
47
78

L
14
23
68
23
33
72
35
100
170
46
74
144
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SECTION

2. CONCLUSIONS

The separation of olefins from paraffins via cryogenic distillation and CO2 from
post-combustion flue gases via aqueous amine-absorption represent some of the most
technologically mature and costly gas separation processes seen in industry. In order to
provide insight into alternative solid-state adsorption gas separation methods, this study
focused on providing novel characterizations of the transport kinetics of different
promising adsorbents utilizing the ZLC technique.
Single and binary gas mixtures of ethane and ethylene were tested over paraffinselective MOFs ZIF-7 and Ni-BT powder and pellet samples. The results of this study
found that the diffusivity of ethane measured was slightly reduced from single to binary
component trials, signifying the effects of coadsorption were present for both MOF
materials. Additionally, it was found that the diffusion of ethylene was significantly
affected by surface resistances due to strong interactions between the C-C double bonds
at pore entrances.
CO2 sorption kinetics were tested over three PEI-impregnated adsorbents, namely,
MIL-101, γ-alumina, and UVM-7 silica, at three different amine contents at 25 °C. The
results of this study found that both the amine-content and the porosity of the support are
crucial in mitigating diffusional resistances of CO2 within the amine-impregnated
adsorbents. For all three materials it was found that as PEI-content was increased, CO2
diffusion was reduced. Moreover, the PEI-silica was further tested a 50 and 75 °C, where

101
it was found that diffusion was enhanced at higher temperatures. Interestingly, the ZLC
response curves of PEI-silica revealed two distinct regions of mass transfer control
highlighting the influence of the independent mechanisms of physical and chemical
diffusion on these materials. This study highlighted the importance of selecting PEIadsorbents that exhibit both fast desorption kinetics and high working capacities.

2.1 FUTURE WORK ON OLEFIN/PARAFFIN SEPARATION
For the studies on olefin/paraffin separations, future work should focus on cyclic
and stability testing of Ni-BT and ZIF-7 powders and pellets in order to determine
changes that may occur in the diffusion kinetics over prolonged use, as well as to
determine the overall long-term durability and efficacy of these materials.

2.2 FUTURE WORK ON ANTROPOGENIC CO2 CAPTURE
Similarly, for the studies on CO2 capture for PEI-impregnated MIL-101, γalumina, and UVM-7 silica, the powders should be synthesized into structured adsorbents
and tested for their respective diffusivities. Other amines should be functionalized to
these supports and tested for their respective diffusivities in order to provide comparisons
onto the influence of amine type and size on CO2 sorption kinetics. Once this has been
completed, the materials should be tested to determine the concentration of irreversiblyadsorbed CO2 due to chemical adsorption on each material, and then finally cyclic and
stability testing should be conducted.
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